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Abstract 
When joining steel to aluminium there is a reaction between iron and aluminium 
which results in the formation of brittle intermetallic compounds (IMC). These 
compounds are usually the reason for the poor mechanical strength of the 
dissimilar metallic joints. The research on dissimilar metal joining is vast but is 
mainly focused on the automotive industry and therefore, the material in use is 
very thin, usually less than 1 mm. For materials with thicker sections the present 
solution is a transition joint made by explosion welding which permits joining of 
steel to aluminium and avoids the formation of IMCs. However, this solution 
brings additional costs and extra processing time to join the materials. 
The main goals of this project are to understand the mechanism of formation of 
the IMCs, control the formation of the IMCs, and understand their effects on the 
mechanical properties of the dissimilar Fe-Al joints during laser welding. Laser 
welding permits accurate and precise control of the welding thermal cycle and 
thereby the underpinning mechanism of IMC formation can be easily understood 
along with the factors which control the strength of the joints. The further goal of 
this project is to find an appropriate interlayer to restrict the Fe-Al reaction. 
The first stage of the work was focused on the formation and growth of the Fe-Al 
IMCs during laser welding. The understanding of how the processing conditions 
affect the IMC growth provides an opportunity to act and avoid its formation and 
thereby, to optimize the strength of the dissimilar metal joints. The results showed 
that even with a negligible amount of energy it was not possible to prevent the 
IMC formation which was composed of both Fe2Al5 and FeAl3 phases. The IMC 
growth increases exponentially with the applied specific point energy. However, 
for higher power densities the growth is more accentuated. The strength of the 
Fe-Al lap-joints was found to be not only dependent on the IMC layer thickness 
but also on the bonding area. In order to obtain sound joints it is necessary to 
achieve a balance between these two factors. The thermal model developed for 
the laser welding process in this joint configuration showed that for the same level 
of energy it is more efficient to use higher power densities than longer interaction 
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times. Even though a thicker IMC layer is formed under this condition due to 
higher temperature there is also more melting of aluminium which creates a larger 
bonding area between the steel and the aluminium. The joint strength is thus 
improved. 
In the second stage of the work the study was focused on the use of copper as 
interlayer between steel and aluminium to suppress the reaction between Fe and 
Al. Different welding processes were used and the interaction between the Fe, 
Cu and Al was investigated. The application of copper interlayer in laser welding 
between the steel and the aluminium plates in a lap-joint configuration was found 
to be not very effective in preventing the reaction between Fe and Al. The thermal 
gradient required to melt the aluminium without melting the steel was not possible 
to achieve and for this reason ternary Fe-Cu-Al IMCs were found in the majority 
of the experiments. 
The Al-Cu IMCs formed during the deposition of copper interlayer by Cold Metal 
Transfer (CMT) arc welding, either with copper onto aluminium or aluminium onto 
copper, were analysed. It was found that by controlling the energy of the welding 
process the ductility of the joints was improved by reducing the amount of copper-
rich IMCs. The maximum hardness found on the Al-Cu-Fe samples was much 
lower than that on the Fe-Al joints, 450 HV against 1100 HV, respectively. The 
effect of the alloying elements, Si, Mg and Cu, of the welding wire on the Al-Cu 
IMCs growth was also studied. It was found that Cu and higher Si content 
enhances the formation of the IMCs and that Mg and lower Si content minimize 
the IMC growth.  
As a part of this project the joint design was also studied and, by changing the 
joint design, the joining principle used in the investigation of laser welding of steel 
to aluminium in a lap-joint configuration was successfully transferred to a T-joint 
configuration. By combining the joint design and the control of the process energy 
it was possible to create crack free joints with superior strength due to the 
mechanical lock effect caused by the small distortion resultant from the welding 
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process. For lower levels of energy the IMC layer was less than 5 µm and showed 
similar characteristics to those observed in the lap-joint. 
Keywords 
Laser welding; steel; aluminium; intermetallic compounds; conduction welding; 
cold metal transfer; copper; interlayer; lap joint; T-joint, thermal model. 
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1.0 Review of the dissimilar metal joining 
 Introduction 
The investigation of dissimilar metal joining started more than five decades ago. Since 
then, many studies have been done using different materials or metallic combinations, 
applying different strategies and joining processes. Innovative material efficient 
structures are built with multiple materials which are selected based on their 
properties, either physical, chemical or mechanical, and on the requirements of the 
structure, viz. mechanical strength, weight or corrosion resistance. The combination 
of dissimilar materials offers many advantages at economical, performance or 
environmental level. The principal driving force for the investigation on dissimilar metal 
joining has been the transportation industry. The maritime, automotive and aerospace 
industries aim to reduce the body weight without compromising structural integrity. In 
the automotive industry one of the motivations to develop lightweight vehicles was the 
European regulation established in 2009 (EC Regulation No. 443/2009 (Mock, 
2014)(Kastensson, 2014)) which imposes a reduction in CO2 emissions on newly 
manufactured cars. The weight reduction leads to a better performance of the car in 
terms of fuel consumption and consequently, this is reflected on the levels of CO2 
emitted. By replacing partially or completely traditional structural metals with high 
strength steel, aluminium, magnesium or composites a significant reduction of the total 
weight of the vehicle has been observed. However, this has only been applied to luxury 
brand cars due to the high cost associated with the lightweight vehicle manufacturing. 
For instance, the application of carbon fibre and aluminium in the new generation of 
the Range Rover Sport resulted in a total structural weight reduction of about 420 kg. 
The development of lighter structures in shipping and aviation permits not only fuel 
savings but also the ability to use the equivalent weight to transport passengers or 
cargo. 
Aluminum (Al) is often the material of choice because it is abundant, cost effective, 
has high specific modulus and corrosion resistance. The new design solutions are 
aimed at using more proportion of Al as a structural material. Steel is the most used 
structural alloy due to its high strength properties, low cost and recyclability. The 
problem is that these two metals have different physical properties and they lack solid 
 
 
2 
solubility. Different melting temperatures, thermal expansion and conductivity may 
lead to defects during the joining process and the formation of brittle intermetallic 
compounds (IMC) reduces the strength of the welded joints. 
 Intermetallic compound formation and growth between Fe and Al 
The formation of intermetallic compounds (IMC) is almost certain when joining steel to 
aluminium. These compounds have a non-metallic covalent bond which gives them a 
brittle behaviour. According to the binary Fe-Al phase diagram, Al has about 20 at.% 
solid solubility in Fe but Fe has zero solid solubility in Al at room temperature (see 
Figure 1-1). Different IMCs are formed depending on the temperature of the reaction 
and the chemical composition of the mixture, as indicated in Table 1-1. The IMCs are 
organized into two groups, the iron-rich IMCs which include the Fe3Al and FeAl phases 
and the aluminium-rich IMCs which include the FeAl2, Fe2Al5 and FeAl3. The hardest 
and thus more brittle IMCs are found in the Al-rich group, as indicated in Table 1-2.  
 
Figure 1-1: Binary Fe-Al phase diagram (Massalski, 1986). 
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Table 1-1: Phase reactions in Fe-Al phase diagram (A.S.M American Society for 
Metals, Bulletin of binary phase diagrams, 1994). 
 
Table 1-2: Fe-Al phases and Vickers microhardness (Massalski, 1986) (Olsen, 2009). 
 Phase Al [at%] HV 
 Fe (solid solution) 0-45 - 
 Fe (γ) 0-1.3 - 
Iron-rich IMCs 
Fe3Al (β1) 23-34 250-350 
FeAl (β
2
) 23-55 400-520 
Aluminium-rich 
IMCs 
Fe2Al3 (ε) 58-65 - 
FeAl2 (ζ) 66-66.9 1000-1050 
Fe2Al5 (η) 70-73 1000-1100 
FeAl3 (ɵ) 74.5-76.5 820-980 
 Al (solid solution) 99.998-100 - 
There are two main lines of research with regard to Fe-Al IMC formation and growth. 
The iron-rich IMCs have been investigated with the main goal of their production 
whereas the studies involving aluminium-rich IMCs have been focused on finding ways 
to avoid their formation. 
There are many applications for the iron-rich IMCs due to their thermal-mechanical 
properties. When compared to the aluminium-rich IMCs, the iron-rich IMCs have good 
high temperature corrosion resistance (Liu et al., 1998) and they also have relatively 
high ductility. They are used in a form of coatings to increase the wear resistance of 
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structural parts or in a form of full structural parts as it is the case of Fe3Al-based iron 
aluminide structures produced by Wire plus Arc Additive Manufacturing (WAAM) with 
simultaneous feeding of wires of aluminium and iron for in situ alloying (Shen et al., 
2015). Figure 1-2 shows a wall built with this technology. 
 
Figure 1-2: Cross section of the additive manufactured wall which is mainly 
composed of iron-rich Fe–Al IMCs (Shen et al., 2015). 
The formation and growth of Fe-Al IMCs have been investigated by many researchers 
over recent decades (Shahverdi et al., 2002) (Fan et al., 2011) (Springer et al., 2011). 
Time and temperature were found to be the main factors responsible for the formation 
and growth of the IMCs. Some researchers studied IMC formation by using a 
technique named “aluminize hot dipping” which permitted independent control of the 
temperature and time. In the study a solid steel bar was dipped in a molten aluminium 
bath for different periods of time and at constant temperature and then the composition 
and thickness of the IMCs formed were analysed (Kobayashi and Yakou, 2002). Fe2Al5 
was the main IMC formed on the steel surface in the temperature range of 700-900 
°C. However, for the same range of temperatures other researchers have also 
identified the presence of FeAl3 at the interface between the Fe2Al5 and aluminium 
(Bouche et al., 1998).  
Diffusion specimens of Fe-Al were also prepared in order to study the formation of Fe-
Al IMCs. It was found that at 600 °C with heat treatment longer than one hour, only 
FeAl3 was formed by diffusion of Al into Fe, as represented in Figure 1-3  (Wang et al., 
1998). At this temperature, both Fe and Al were in the solid state and the diffusivity of 
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Al into Fe was higher than that of Fe into Al. However, for temperatures higher than 
700 °C and for the same heat treatment duration, Fe2Al5 was formed instead of FeAl3. 
At this temperature Al is in the liquid state and Fe remains in the solid state and thus, 
the diffusivity of Fe into Al is higher. Based on the results, the authors (Wang et al., 
1998) have proposed the following sequence of events for the formation for the Fe2Al5 
IMCs at temperatures higher than 700 °C: 
(1) Eutectic reaction of FeAl3 with Al (during heating, still with metals in solid 
phase); 
(2) Eutectic liquid; 
(3) Fe and Al interdiffusion; 
(4) Intermetallic reaction; 
(5) Fe2Al5. 
It was also found that the composition of the IMCs did not change with the heat 
treatment duration. The only difference found was that the IMC layer became thicker 
for a longer heat treatment time which shows the thermodynamic stability of the 
different phases at different processing temperatures. 
 
Figure 1-3: Schematic representation of the diffusion of Al into Fe and FeAl3 formation 
at the Fe side during diffusion heat treatment at 600 °C for 1 hour (Wang et al., 1998). 
Other researchers found that the Fe-rich IMCs, such as FeAl and Fe3Al, were only 
formed when the aluminium bath was at temperatures higher than 1000 °C. FeAl is 
believed to be formed due to diffusion of Fe into Fe2Al5, whereas Fe3Al if formed due 
to the diffusion of Fe into FeAl (Kobayashi and Yakou, 2002). However, FeAl has been 
found at lower temperatures in Fe-Al joints produced by inertia friction welding (Taban 
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et al., 2010). One possible reason indicated by the authors was the close contact of 
the metals and the heavy working on the aluminium side during the welding process. 
Thereby, easier atomic diffusion was enabled which possibly overcame the activation 
energy barrier. 
There are two main mechanisms of formation of the IMCs. One mechanism is 
controlled by a chemical reaction at the interfaces and the growth of the IMCs follows 
linear kinetics. The second mechanism is controlled by interdiffusion of the atoms 
through the different phases and follows parabolic kinetics. In the literature it was 
mentioned that in the range between 700 and 900 °C the IMC growth is mainly 
controlled by diffusion (Bouche et al., 1998). However, in a short transient period, 
between 30 s up to 30 min and just before the parabolic growth of the IMC layer, there 
is linear growth which is characteristic of a chemical reaction.  
The thickness of the IMC layer following parabolic growth and controlled by diffusion 
can be calculated by the following equation: X= 𝐾√𝑡 (Kobayashi and Yakou, 2002). X 
[µm] represents the thickness of the IMC layer, K is the diffusion constant and t [s] is 
the time for diffusion. K can be determined by K= 𝐾0𝑒𝑥𝑝 (−
𝑄
𝑅𝑇
) where K0 is constant, 
Q [kJ.mol-1] is the activation energy for growth of the IMC layer, R is the universal gas 
constant and T [K] corresponds to the absolute temperature of the process. 
Diffusion is defined as the “phenomenon of material transport by atomic motion” 
(Callister, 2006). When two metals are in close contact, as shown in Figure 1-4a, and 
heat is applied to them for a certain amount of time, the atoms start moving from the 
side with higher concentration to the other side where the concentration is lower by 
diffusing into each other. The result of the atomic diffusion is the formation of a new 
alloy (alloy C) which grows from the surface of contact between metal A and B towards 
the edges of the metals, as represented in Figure 1-4b. The concentrations of the 
metals A and B within the alloy change with the position.  The extent or length of 
diffusion depends on many factors, for example, heat treatment temperature, diffusion 
time and diffusivity of one element into another or diffusion coefficient.  
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Figure 1-4: Schematic representation of the diffusion process showing the diffusion 
sample and the concentration of both metals across the sample (a) before and (b) 
after heat treatment. 
Fick’s first law of diffusion (equation 1-1) is an equation which permits the calculation 
of the diffusion flux (kg.m-2.s-1), or the number of particles which pass through a plane 
of unit area in unit time, in one direction for steady state condition (Cottrell, 1995). The 
steady state condition means that the flux of atoms passing through a surface 
perpendicular to the gradient does not change with time. 
𝐽 = −𝐷
𝑑𝐶
𝑑𝑥
 (1-1) 
In this equation, D corresponds to the diffusion coefficient (m2.s-1), C is the 
concentration of the element (kg.m-3) at the position x (m). The term dC/dx represents 
the concentration gradient. 
The diffusion distance (dx) can be calculated using Fick’s law if all the other terms are 
known. If the diffusion process is nonsteady-state then an alternative equation needs 
to be used; Fick’s second law is a partial differential equation as written in equation 1-
2. 
𝜕𝐶
𝜕𝑡
=
𝜕
𝜕𝑥
(𝐷
𝑑𝐶
𝑑𝑥
) (1-2) 
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The simplified version of the equation 1-2 is written below and is based on the 
boundary conditions for a semi-infinite solid in which the surface concentration is kept 
constant:  
𝐶𝑥 − 𝐶0
𝐶𝑠 − 𝐶0
= 1 − 𝑒𝑟𝑓 (
𝑥
2√𝐷𝑡
) (1-3) 
In this equation Cx corresponds to the concentration at position x after time t, C0 is the 
initial concentration of the element in the solid, Cs is the concentration at the surface 
perpendicular to the gradient during time t. The term erf(x/(2/√𝐷𝑡) is the Gaussian 
error function which can be found in mathematical tables for different vlues of 2/√𝐷𝑡. 
The diffusion coefficient can be calculated based on equation 1-4, where D0 is a 
constant for temperature independent pre-exponential (m2.s-1), Qd is the activation 
energy for diffusion (J.mol-1), R is the gas constant (8.31 J.mol-1.K-1) and T is the 
absolute temperature (K).  
𝐷 = 𝐷0 𝑒𝑥𝑝 (−
𝑄𝑑
𝑅𝑇
) (1-4) 
This equation shows that the temperature is the factor which most influences the 
diffusion coefficient and consequently, the diffusion rate. 
When joining steel to aluminium using a thermal process, there is also diffusion due 
to the close contact of the metals and the heat applied to them (see Figure 1-4). The 
diffusion of Fe and Al occurs perpendicularly to the surface where the metals are in 
contact each other. At the joint interface the composition will change and a new zone 
containing both Fe and Al will be produced. Due to the lack of solubility of Fe into Al 
and vice versa, this diffusion causes the formation of IMCs. Fick’s law could be used 
to estimate the extent of the diffusion and thus, predict the thickness of the IMC layer. 
However, this approach is only valid when the joining process occurs under equilibrium 
conditions. In this thesis the most accurate method to determine the IMC layer 
thickness was by metallographic analysis because the welding processes used in this 
work do not result in equilibrium conditions. 
The thermal cycle resulting from a fusion joining process is different to that of the 
examples previously mentioned. The fusion processes occur in transient conditions, 
with high heating and cooling rates and for this reason, the formation of the IMCs is 
mainly controlled by chemical reactions. In fact, it has been referred that when the 
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heating time is short, as is the case in fusion joining processes or the beginning of a 
hot-dipping process, the growth of the IMCs occur by chemical reaction in opposition 
to atomic diffusion (Bouche et al., 1998). 
There are two main types of IMCs, Fe2Al5 and FeAl3, which are formed during welding 
of steel to aluminium and are frequently found at the joint interface, as represented in 
Figure 1-5. Even though FeAl3 is the first IMC to grow due to the lower activation 
energy (Shahverdi et al., 2002), the sub-layer formed with this IMC is never thicker 
than that of the Fe2Al5 due to the fast growth of the latter IMC. 
 
Figure 1-5: Schematic representation of the IMC layers formed in Fe-Al welded joints 
(Bouche et al., 1998). 
The process starts with the formation of islands of FeAl3, which has a monoclinic 
structure, at the border line between the steel and aluminium, as represented in Figure 
1-6. Afterwards, these islands spread along the interface and form a continuous layer 
of needle shape compounds (Rathod and Kutsuna, 2004). The Fe2Al5 forms a second 
layer between the already existent FeAl3 sub-layer and the steel. The Fe2Al5 sub-layer 
is easily identified by the tong shape grains growing towards the steel (Ranfeng Qiu 
et al., 2009a)(Kobayashi and Yakou, 2002). 
 
Figure 1-6: Stages of IMC layer formation during diffusion bonding with variable time 
and constant temperature (reproduced from original) (Rathod and Kutsuna, 2004). 
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The tongue-like morphology of the Fe2Al5 phase is believed to be resultant from the 
preferential growth along the [001] direction of the crystal structure, the c-axis, the 
longest crystallographic axis (Cheng and Wang, 2009). It was also reported that along 
the c-axis of the Fe2Al5 phase there is about 30% vacancies and this defect allows a 
rapid diffusion path along the [001] direction (Heumann and Dittrich, 1959). This 
explains the almost equiaxial morphology of the Fe2Al5 in the early stages of the IMC 
formation.  
 Joining processes used in direct joining of steel to aluminium 
Joints can be produced in solid-solid, solid-liquid and liquid-liquid phases between 
steel and aluminium, depending on the joining process and joint configuration. The 
physical state of the alloys (solid or liquid) at the joint interface during the joining 
process is one of the determining factors for the formation of IMCs because it directly 
controls the activity and mobility of the atoms of the participating alloys. Broad 
research has been carried out aiming to produce sound dissimilar metal joints between 
steel and aluminium. The analysis of the IMCs and the mechanical strength of the 
welded joints were part of the majority of studies. 
 Mechanical joining 
Non-permanent joining, such as fastening or riveting, are successful alternatives to 
join metallurgically incompatible metals. These processes are used at room 
temperature and thus, the formation of brittle IMCs is avoided. However, these 
solutions have a few drawbacks. 
With bolts or screws, additional weight is added to the structure, uneven stress is 
induced in the structure and when in service the bolts can work loose and the gaps 
may lead to the initiation of corrosion. In contrast, a joint produced by thermal 
processes results in an integrated structure and it is water sealed. The use of bolts 
and screws restrict the joint configuration to a lap joint and have low specific strength. 
Having said that, Audi GmbH has used a fastening process with flow drill screws to 
join steel to aluminium that only requires access from one side of the joint (Graham, 
2014). 
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Clinching (Abe et al., 2011) and self-piercing riveting (Abe et al., 2009) can only 
applied to a maximum thickness and strength of material and also require access from 
both sides of the joint. 
Apart from the mechanical joining techniques referred to in this section there are 
others covered in a review paper written by Martinsen et al. (Martinsen et al., 2015). 
 Chemical joining 
Similar to mechanical joining processes, adhesive bonding is also widely used in 
industry and it is an alternative solution for dissimilar material joining (Avt et al., 2002). 
This process creates continuous and sealed joints, there is minimal additional 
adhesive weight and no deformation induced in the joint. On the other hand, the 
integrity of the joints is dependent on the surface condition prior to the application of 
the adhesive, the joints have low thermal resistance and they are susceptible to 
environmental conditions. When compared to mechanical and thermal joining 
processes, adhesive bonding has relatively lower strength and is very much 
dependent on the temperature of the application. 
 Thermal process - Solid state joining 
The formation of Fe-Al IMC is usually minimized when solid state joining processes 
are used. Processes such as friction stir welding (Lee et al., 2006), linear friction 
welding (Taban et al., 2010) and ultrasonic spot welding (Haddadi and Prangnell, 
2013)(Prangnell et al., 2011) are operated at temperatures lower than the melting 
temperature of any of the intervenient materials. Under this condition, one of the 
materials in a fluid-like plastic state flows and adheres to the other forming the bond. 
For these two reasons the formation of the brittle IMCs is minimized or even avoided.    
Successful results have been obtained by friction stir welding, either using a linear 
(Lee et al., 2006) (Uzun et al., 2005) (Watanabe et al., 2006) or circular weld pattern 
(Yasui et al., 2014). The low heat input is controlled by the travel speed and rotating 
speed and it is transferred from the periphery of the tool to the surrounding material. 
The thickness of the IMC layer found at the joint interface can be in the order of a few 
nanometers, which is much lower than that formed by conventional fusion welding 
processes. The mechanical strength of the joints is identical to that of the weakest 
metal of the joint, which is usually the aluminium. 
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The solid state joining processes have also some limitations. All the previous 
examples have restrictions in terms of joint configuration and material dimensions or 
thickness. In friction stir welding there is tool wear due to its permanent contact with 
the material. In friction welding the heat generation is not at an uniform rate at the 
interface which may result in the growth of the IMCs (Martinsen et al., 2015). In 
ultrasonic spot welding the surface of the material may be heavily deformed due to the 
pressure applied by the sonotrode. However, one of the greatest drawbacks of friction 
processes is the energy requirement exponentially increases with the thickness of the 
component. Therefore, to join a dissimilar metal structure where the section is thicker 
than 5 mm the energy required is very high and the formation of IMCs is expected. 
There are three types of resistance spot welding: solid state, fusion and braze, 
depending if the materials are melted or not at the joint interface. This process has 
also been investigated to join steel to aluminium (Qiu et al., 2010; R Qiu et al., 2009; 
Ranfeng Qiu et al., 2009a, 2009b) but the researchers couldn’t prevent formation of 
the IMCs and the specimens failed from the joint interface when tested under tensile-
shear loading. 
Explosion welding is also a solid state joining process. Initially this process was mainly 
used to clad large areas of one metal with another (see Figure 1-7a). The different 
material combinations is represented in Figure 1-7b. Nowadays this process has many 
industrial applications, such as in nuclear fuel reprocessing plants where joining of 
titanium to stainless steel is required, or in shipbuilding, to successfully join steel to 
aluminium via an explosion bonded hybrid transition joint, which is made of half 
aluminium and other half steel. As the process is very fast there is almost no time for 
the reaction between Fe and Al and so the IMC layer is usually very thin, as 
demonstrated in (Acarer and Demir, 2008; Findik, 2011; Pl, 1989). With regards to the 
limitations of this process it can only be applied to large structures with simple 
geometries and there are often restrictions to the use of explosives in industrial areas 
due to noise and ground vibrations caused by the explosion. 
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Figure 1-7: (a) Schematic representation of explosive cladding (TWI, n.d.) and (b) list 
of materials that are commonly clad (Findik, 2011). 
It is also important to note that the joints produced with the transition joint might not be 
free of IMCs. During the joining process, when the transition joint is being welded to 
the other metals, the heat produced by the welding process may lead to the formation 
and growth of Fe-Al IMCs (Tricarico et al., 2009)(Tricarico and Spina, 2010). 
 Thermal process - Fusion joining 
There is a significant research focus on dissimilar metal joining of steel to aluminium 
using fusion joining processes, despite of the perception that these processes cannot 
be used in dissimilar metal joining due to the strong reaction and interdiffusion of the 
intervenient elements during the joining process leading to poor mechanical properties 
of the joints. This is a wrong perspective and the evidences that prove the feasibility 
of using fusion joining processes to create sound joints between steel to aluminium 
are presented in this section. 
In fusion joining, as the name suggests, at least one of the metals is melted during the 
joining process and thus, the processing temperature is higher than the melting 
temperature of one of the metals. There are two main sub-categories in this group: 
welding and brazing. By definition, welding refers to the joining process which results 
in the melting of the parent metals. Brazing refers to the joining process which uses 
and melts a third metal, usually a filler wire, and the parent metals are not melted. 
There is also a third category named welding-brazing which has not been standardized 
yet but it has been applied to dissimilar metal joining. Welding-brazing is the best 
terminology to describe the process where the metal with the lowest melting 
(a) (b) 
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temperature melts and wets the surface of the metal with higher melting temperature. 
During this process, at the joint interface, the bonding occurs between the liquid and 
solid metals and no filler material is used. 
In terms of temperatures involved in each joining process, one may say that brazing 
is the coldest, welding is the hottest and welding-brazing fits in the middle. This is 
important to have in mind in dissimilar metal joining because of the high sensitivity of 
IMC growth to the temperature and time. 
A few examples of the fusion joining processes applied to dissimilar metal joining of 
steel to aluminium are shown in Table 1-3.  
Table 1-3: Examples of fusion joining processes investigated in joining of steel to 
aluminium. 
Joining process Category Reference 
TIG Welding-brazing  (G Sierra et al., 2008) 
Autogenous laser Welding  
(Sierra et al., 2007) (Yan et 
al., 2010) (Torkamany et al., 
2010) 
Autogenous laser Welding-brazing  (Peyre et al., 2007) 
Laser + wire Brazing 
(Dharmendra et al., 2011) 
(G. Sierra et al., 2008) 
(Mathieu et al., 2007) (Korte 
et al., 2005) 
Laser roll welding and 
bonding 
Welding-brazing 
(Rathod and Kutsuna, 2004) 
(Kreimeyer et al., 2004) 
(Ozaki and Kutsuna, 2009) 
Hybrid laser-MIG Welding (Olsen, 2009) 
Cold metal transfer (CMT) Brazing 
(Zhang et al., 2009) 
(Padmanabham et al., 2013) 
(Transfer, 2012) 
The majority of the references in this table are laser based due the numerous 
advantages that lasers have to offer. Some of the reasons to use lasers in dissimilar 
metal joining are: 
(1) During laser processing there is a minimal zone affected by the heat 
surrounding the spot where the energy is applied; 
(2) Good control of the energy transferred to the substrate (related to the previous 
point); 
(3) By controlling the position of the laser beam in relation to the joint interface it is 
possible to control the composition of the fusion zone; 
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(4) In comparison to other fusion joining processes, this process has high cooling 
and solidification rates; 
(5) Laser processing can be applied to any material type and dimension and in any 
joint configuration; 
(6) Lasers can be integrated with other equipment (ex. laser roll bonding and hybrid 
laser-MIG). 
Laser joining also covers many of the limitations of the processes referred in the 
previous sections. Depending on the joint configuration, the spatial location of laser 
irradiation, the level of energy level applied and the welding mode, it is possible to 
cover the three joining categories, viz. welding, brazing or welding-brazing. In 
summary, lasers are versatile and give extra flexibility to the joining process. 
Different lasers have been used to join steel to aluminium by autogenous laser welding 
(without welding wire and with a liquid-liquid joint interface). For instance, a high power 
and continuous wave (CW) laser (Sierra et al., 2007), a tandem system composed by 
a CW and a pulsed mode lasers (Yan et al., 2010) and a pulsed laser (Torkamany et 
al., 2010). All lasers were operated in keyhole mode and for this reason both metals 
were melted and mixed in liquid state during the joining process (see Figure 1-8). For 
this reason, the reaction between Fe and Al was enhanced, very thick IMCs were 
formed, ranging from the Al-rich to the Fe-rich IMCs.  
 
Figure 1-8: Pulsed laser welding of 0.8 mm thick steel to 2.0 mm thick aluminium in a 
lap-joint configuration and with steel on the top. (a) Micrograph of the cross-section 
of the keyhole weld (b) SEM micrograph of the weld-joint interface (Torkamany et al., 
2010). 
(a) (b) 
Indention 
crack 
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The mechanical strength of the joints was found to be dependent on the energy of the 
process, either via peak power, pulse duration or overlapping factor. However, even 
with the process optimized the strength of the joint could not surpass that of the 
weakest parent metal and thus, the failure of the joints usually occurred along the IMC 
layer or in the weld metal. 
Autogenous laser welding-brazing was also investigated (Peyre et al., 2007). The laser 
beam was positioned onto the aluminium in order to only melt the edge of the sheet 
metal. The joints were formed by reactive wetting of the molten aluminium on the steel 
surface, as shown in Figure 1-9. 
 
Figure 1-9: Laser welding-brazing (a) Schematic representation of the experimental 
setup and (b) micrograph of the fusion zone of the joint (Peyre et al., 2007). 
The IMCs formed a thin layer along the steel-aluminium interface as opposed to laser 
keyhole welding, where the IMCs could be found in the entire fusion zone. The IMCs 
were mainly FeAl3 and Fe2Al5 and the mechanical tensile-shear strength of the joints 
was low and the specimens had interfacial shear failure. 
Laser plus welding wire was used to braze aluminium to steel (Dharmendra et al., 
2011; Korte et al., 2005; Mathieu et al., 2007; G. Sierra et al., 2008). The interaction 
between both metals using this technique was minimal and consequently, sound 
dissimilar joints were produced with mechanical strength either identical or near to that 
of the weaker of the two metals (steel or aluminium, depending on the cross-sectional 
area of the coupon). An alternative technique was assessed in which a rolling system 
was combined with the laser (Kreimeyer et al., 2004; Ozaki and Kutsuna, 2009; 
Rathod and Kutsuna, 2004). The principle of this technique is to heat the substrate 
with the laser and immediately apply pressure on the soft metal with a roller to improve 
the contact between the metals and thus the bonding. This way sound joints could be 
produced with an IMC layer thickness of less than 10 µm (many researchers have 
(a) (b) 
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considered 10 µm as a reference maximum value of IMC layer thickness for an 
acceptable steel to Al joint (Schubert et al., 1997)).  
The cold metal transfer process, or CMT, is a variant of gas metal arc welding 
(GMAW). It is claimed to be “colder” than the conventional GMAW processes due to 
the innovative way of droplet detachment and process control. The effect of the lower 
heat input is observed in the thickness of the IMC layer when producing Fe-Al lap 
joints using a brazing technique with an Al-Si welding wire (Padmanabham et al., 
2013). These researchers found that the IMC layer thickness was halved when using 
CMT in comparison to pulsed MIG. After over 20 years Fronius has claimed to have 
produced successful joints between galvanized steel and aluminium sheets with the 
patented AlSi3Mn1 welding wire (Transfer, 2012). The failure of the joints always 
occurred at the aluminium sheet. 
Most of the research so far has been oriented towards the automotive industry. Thus, 
only small gauge sheets (~1 mm thick) of steel and aluminium have been used. For 
naval applications, where thick plates are used, only a few studies were found, with a 
special focus on the laser-GMAW hybrid process, where 3 mm plates of steel and Al 
were joined in a butt joint configuration (Thomy et al., 2007). Thomy et al. combined 
two welding processes, laser and GMAW as represented in Figure 1-10, and by this 
way they managed to decrease the IMC layer thickness to a minimum value of 1 µm 
and thus, increase the joint strength to a maximum value of 140 MPa. The leading 
laser beam and the MIG torch were positioned on the aluminium plate, close to the 
Fe-Al interface, with a fixed gap between them. The filler wire supplied by the GMAW 
torch provides the material necessary for the bonding of the two plates. The 
advantages of this process are good gap tolerance, the possible addition of alloying 
elements in the weld seam (by changing the composition of the filler material) and 
lower temperatures in the joining process, both inducing a thin IMC layer (in this work 
the thickest IMC layer observed was 3 µm). Compared to the laser welding process, 
the hybrid laser-MIG process is more complex because the latter requires not only the 
control of the laser parameters but also the GMAW parameters and the relative 
position between the laser beam and the GMAW torch. 
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Figure 1-10: Hybrid laser-GMAW welding of steel to aluminium (Thomy et al., 2007). 
 Weld metal engineering to create a bridge between Fe and Al 
An alternative approach to create sound joints between steel and aluminium is by 
preventing the reaction between Fe and Al during the joining process. By introducing 
a transition metal, so called interlayer, a diffusion barrier is created between both 
metals. Ideally the interlayer needs to be metallurgically compatible with both Al and 
Fe to avoid the formation of brittle IMCs. However, the elements compatible with both 
Fe and Al are not suitable for the majority of the applications either due to their low 
melting temperature or due to their poor mechanical properties. There are five 
elements which do not form any IMCs neither with Al nor Fe, viz. mercury (Hg), 
potassium (K), sodium (Na), indium (In) and lead (Pb). The melting temperature of Hg, 
K, Na and In is lower than 150 °C. Pb has higher melting temperature (327 °C) than 
the previous elements but it has poor mechanical strength when compared to that of 
aluminium (UTSPb = 12 MPa and UTSAl = 45 MPa). Therefore, an alternative solution 
is to choose elements that only form IMCs with one of the elements, either Al or Fe. 
There are only a few elements which are compatible with Al, viz. zinc (Zn), tin (Sn) 
and silicon (Si), and compatible with Fe there are copper (Cu), silver (Ag), gold (Au) 
and manganese (Mn). Considering the cost, the melting temperature and the 
mechanical properties of the elements, Cu seems to be the most suitable element to 
create a bridge between the Fe and Al.  
There is only limited information about the application of interlayers in Fe-Al joints to 
prevent the diffusion between Al and Fe. For instance, a 0.2 mm thick foil of tantalum 
(Ta) was used between steel and aluminium in a butt joint configuration (Mukherjee et 
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al., 2010). The researchers used laser welding to join the metals. Ta is a refractory 
material and thus, it has a very high melting temperature compared to that of steel or 
aluminium. The results were successful and the authors showed that even with partial 
dissolution of Ta into Al and into Fe during the joining process, there were no signs of 
IMCs (Fe-Ta, Al-Ta or Fe-Al). Instead, in the fusion zone there was only solid solution 
of Ta into Al and Ta into Fe. The strength of the joints was not measured.  
 Effect of alloying elements on Fe-Al reaction 
Even though time and temperature are the main parameters in the reaction between 
Fe and Al, it is also known that the addition of alloying elements may affect the rate of 
interdiffusion and thus, the thickness of the IMC layer. 
A study was done to determine the values of activity coefficients of Al atoms in α-
Fe0.95(Al1-nXn)0.05 alloys in which X represents the alloying element added to the 
dissimilar metal mixture (Akdeniz, 1998). The results showed the existence of two 
main groups of alloying elements, the ones which reduce the diffusion of Al into α-Fe 
and therefore, minimize the thickness of the IMC layer, and the other group which 
enhances the diffusion of Al into α-Fe and the growth of the IMC layer. Table 1-4 shows 
the two groups with the respective alloying elements. 
Table 1-4: List of alloying elements with regard to their effect on the diffusion of Al in 
the reaction layer and consequently, in the IMC layer growth (Akdeniz, 1998). 
Alloying elements which minimize the 
Fe-Al IMC layer growth 
Alloying elements which enhance the 
Fe-Al IMC layer growth 
Si, Ti, Ge, Sb, Mg, Cu, Ca, Ag, Cd, Cr Co, Zn, Mn, Ni, Pb, Bi 
Shih et al. also studied the effect of the alloying elements on the IMC growth (Shih and 
Tu, 2007). The authors used the hot dipping process with a steel bar dipped in different 
molten Al alloys (pure, Si, Mg and Si-Mg based) during different time intervals 
(between 3 and 60 minutes) at constant temperature of 700 °C. They found that Si 
diffuses to the reaction layer reducing the Al diffusion and thus, acting as a diffusion 
barrier which restricts the growth of Fe-Al IMCs. This theory is supported by other 
workers who found that instead of the formation of FeAl3 initially, there is a new layer 
formed FexSiyAlz which acts as a barrier to diffusion (Akdeniz, 1998). In another study 
 
 
20 
using a similar approach, a ternary phase (FexSiyAlz) was also found in a form of fine 
particles distributed inside the Fe2Al5 layer (Yin et al., 2013). This author suggested 
that the reduction in IMC layer thickness with the increase in Si content in the 
aluminium bath was due to the penetration of Si atoms inside the vacancies of the 
Fe2Al5 structure. Thus, the Si atoms restrict the easy interdiffusion of Fe and Al in the 
Fe2Al5 phase.  
The addition of Mg in the aluminium alloy also seems to reduce the Fe-Al reaction but 
only after a long dipping time (more than 10 minutes) (Shih and Tu, 2007). This work 
showed that Mg reacts with Al and forms a binary Al-Mg reaction layer between the 
Fe-Al layer and the molten aluminium which slows down the Fe-Al reaction. In 
comparison to Si, for a dipping time of three minutes, the addition of Mg formed a 
thicker IMC. A molten bath containing simultaneously Si and Mg formed the thinnest 
IMC layer. It seems that there is a combination of the effects previously described in 
this alloy which minimizes the Fe-Al IMC growth. 
In another study, the IMC thickness could be reduced by increasing the Cu content in 
the aluminium alloy (Yousaf, 2011). However, after a certain concentration the IMC 
could not be further reduced, as indicated in Figure 1-11. A similar trend is observed 
when Si is added into the aluminium alloy (Figure 1-11b). The author suggested that 
the additional alloying elements fill the vacancies thought which the Al atoms flow to 
react with Fe and produce the IMC layer.  
 
Figure 1-11 : Thickness of the IMC layer of specimens aluminized at 800 °C in (a) Al-
Cu alloys for one minute and (b) Al-Si alloys for two minutes (Yousaf, 2011). 
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One may argue that the conclusions taken for the Fe-Al IMC formation and growth are 
not valid in fusion joining. The conclusions were based on hot-dip aluminizing and 
diffusion experiments which occur in isothermal conditions and for much longer 
periods of time than in fusion joining. However, the results obtained in the fusion joining 
processes are similar to the ones previously described. Agudo et. al analysed and 
compared the IMC phases formed in hot-dip aluminizing with those formed in CMT 
brazing of aluminium alloy to galvanized steel with a nearly pure aluminium welding 
wire (Agudo et al., 2007). The authors found similar IMC phases (Fe2Al5 and FeAl3) in 
both processes but the IMC layer was much thinner when using CMT welding due to 
the short interaction time of the heat source with the material. They also found that the 
ratio of Fe2Al5 to FeAl3 was nearly 1 to 1 in the welded joints whilst in hot-dip 
aluminizing the ratio was up to several orders of magnitude bigger. Many other studies 
were carried out to assess the effect of the alloying elements on the Fe-Al reaction by 
varying the chemical composition of the welding wires. Once again there are many 
similarities in the results obtained between the welding processes and the hot-dipping 
experiments. 
A less investigated metallic joint combination is hot-dip aluminized (Al coated) steel to 
aluminium. Similar to Zn in galvanized steel, the Al coating also intends to improve the 
wettability of molten aluminium onto the steel surface. However, it was proved by using 
CMT brazing as a joining process that the Zn coating is more effective than an Al 
coating for the wetting of Al on the steel surface (Kang and Kim, 2015). Despite this 
result, it was found that by using aluminized steel instead of the galvanized steel the 
IMC layer was thinner and the mechanical strength was higher (Kan and Kim, 2013) 
(Kang and Kim, 2015). It was suggested by the authors that during hot-dip aluminizing 
of the steel sheet a thin Fex(AlSi)y IMC layer is formed and this layer creates a diffusion 
barrier against Al-Fe diffusion. Thus, the presence of the Fex(AlSi)y IMC layer 
suppressed the growth of the IMC layer. 
The effect of the thickness of the pre-formed Fex(AlSi)y IMC layer on the Fe-Al reaction 
during the joining process was also assessed. The hot-dipped aluminized coupons 
were heat treated to induce further growth of the pre-formed IMC layer to about twice 
of its initial thickness. Then, the coupons were joined to aluminium with a AA5183 
welding wire (Mg based). The results suggested that a thicker Fex(AlSi)y IMC layer 
also reduces the diffusion of Al and Fe atoms. There was no further growth of the IMC 
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layer and the layer was more uniform, similar to what was previously found when using 
the Si based welding wire. However, the morphology of the IMCs formed with the 
AA5183 was still tong-like, as opposed to the flat IMC layer formed when welding with 
Si based wire. Based on these results the authors thought that the suppression 
mechanism of the IMC layer growth when using AA5183 is different than with AA4047 
welding wire (Si based). When a Si based wire is used, the Si occupies the vacancies 
in the Fe2Al5 crystal and suppresses the diffusion between Fe and Al, therefore forming 
a flat IMC layer instead of the tong-like morphology. If this is true, when using the Mg 
based wire and higher heat input the IMC layer may grow even further.  
The effect of Si content on the IMC layer growth is shown in Figure 1-12 (Kang and 
Kim, 2015). As described before in hot-dip aluminizing experiments, in fusion welding 
a higher Si content in the welding wire also suppresses the formation of IMCs and the 
IMC layer loses the tong-like morphology. Moreover, the addition of Mg is not as 
effective as addition of Si to reduce the IMC layer thickness. 
 
Figure 1-12: Effect of the Si content on the IMC layer thickness formed in joints of 
galvanized steel/AA5052 and aluminized steel/AA5052. CMT brazing was the joining 
process used (Kang and Kim, 2015). 
In terms of the effect of the alloying elements on the mechanical properties of the 
joints, the joints brazed with a Si based wire were less strong than the joints brazed 
with a Mg based wire. Even though the IMC layer was thinner with a Si based wire, 
near the fusion zone there were defects such as micro-cracking which undermined the 
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joint strength. On the other hand, the authors suggested that the positive results 
obtained with the Mg based wire were due to the perpendicular orientation of the IMC 
grains in relation to the load applied during the mechanical test. They believe that there 
is a mechanical anchoring of the IMCs into the steel made which makes the joints 
stronger. 
In arc welding experiments, more specifically using Gas Tungsten Arc Welding 
(GTAW) with welding wires of different compositions, it was also found that a higher 
content of Si (Al-12%Si instead of Al-5%Si) also seems to restrict the formation of Fe-
Al IMCs (Dong et al., 2012). On the contrary, the addition of Zn to the fusion zone, by 
using a Zn-15%Al wire, enhanced the reaction between Fe and Al which led to the 
formation of a thicker IMC layer (10 µm compared to the 2 µm thick layer found in the 
joint welded with the Al-12%Si wire) and a premature failure of the lap welded joint 
when tested to failure (55% less strong than the joint welded with Si based wire). 
Compared to the Si-based welding wire, the addition of Cu reduced the joint strength 
by 23% and induced the formation of Al2Cu IMCs. 
 Interaction of copper with aluminium and iron  
Figure 1-13 and Figure 1-14 show the binary Al-Cu and Cu-Fe phase diagrams, 
respectively. The Al-Cu phase diagram shows many intermediate phases stable at 
room temperature such as phase θ (Al2Cu), η phase (AlCu), ζ2 phase, δ phase (Al2Cu3) 
and γ2 phase (AlCu2) (Rabkin et al., 1970). The hardness of the Al-Cu IMCs is lower 
than the ones formed during the Al-Fe reaction, where hardness can reach up to 1100 
HV (Olsen, 2009) (see Table 1-5). Nevertheless, the Cu-rich IMCs are harder and 
more brittle than the Al-rich IMCs but it has been reported that these IMCs are less 
sensitive to cracking (Kouters et al., 2011). On the other hand, the Cu-Fe phase 
diagram doesn’t show any intermediate phase formed between both elements, 
although there is solid solubility between Cu and Fe (Figure 1-14). 
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Figure 1-13: Binary Al-Cu phase diagram (Massalski, 1986). 
 
Figure 1-14: Binary Cu-Fe phase diagram (Okamoto, 2000). 
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Table 1-5: Physical properties of Al-Cu IMCs (Wulff et al., 2004). 
 
Despite the Al-Cu IMCs formed during the reaction between Al and Cu, Cu is still an 
alternative element to create a bridge between Al and Fe. It can be easily used in the 
industry because it is commercially available and it is less expensive than the other 
elements compatible with Fe. Moreover, it is possible to have a solid solution between 
Al and Cu. It was found that the maximum solid solubility of copper in aluminium was 
2.7 at.% and that of Al in Cu is 18 at.% (Okamoto, 2000)(Feng et al., 1991). 
Ternary phases are expected to grow in joints produced between steel and aluminium 
when copper is used as an interlayer. Figure 1-15 shows a modified ternary Al-Cu-Fe 
phase diagram in which colours were used to ease the identification of the IMC. 
 
Figure 1-15: Ternary Al-Cu-Fe phase diagram (in at.%) (Villars et al., 1995). 
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The white areas represent the solution of two IMCs and the grey areas represent the 
solution of three IMCs. 
The formation and growth of the Al-Cu IMCs are similar to what was previously 
described for Fe-Al IMCs. The reaction and interdiffusion of Al and Cu atoms at the 
joint interface is sensitive to temperature and because of the brittle behaviour of the 
IMCs formed, the joints may be susceptible to a premature failure. Joining of copper 
wires to aluminium pads was studied aiming at the electronics industry.  Kim et.al 
reported that moderate IMC growth increases the joint strength by alloying between 
the copper wire and the aluminium pads (Kim et al., 2003). 
The effect of the alloying elements on the mechanical strength of the Al-Cu joints was 
investigated during laser welding with AlSi12 and CuSi3 filler wires in a butt joint 
configuration (see Figure 1-16) (Weigl et al., 2011). 
 
Figure 1-16: Schematic representation of laser welding of aluminium and copper 
sheets with AlSi12 and CuSi3 filler wires (Weigl et al., 2011). 
The researchers found that the joints welded with AlSi12 had higher mechanical 
strength than the ones welded with CuSi3 wire. The fusion zone of the joints welded 
with AlSi12 had lower hardness and the joints were more ductile. The authors proposed 
that the higher content of Si in the welding wire increases the turbulence in the fusion 
zone and this improves the stirring effect of the elements in the fusion zone and 
therefore, a reduction in local formation of IMC near the Cu substrate, where usually 
harder IMCs are formed due to higher Cu content. 
One interesting result was observed by Abbasi et al. in a study where Al-Cu joints 
were produced by cold roll bonding and then heat treated at 250 °C for different periods 
of time (from 1 to 1000 h) (Abbasi et al., 2001). Five distinct sub-layers were visible on 
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the transition between Al and Cu. In a diffusion-controlled process and considering the 
Al-Cu binary phase diagram, one would expect to see a smooth variation from low to 
high Al-content across the IMC layers. In fact, a solid solution of Al in Cu was found in 
the middle of the IMC layers, as shown in Figure 1-17. The authors justified this result 
by the presence of Si and Fe in small quantities (0.12 and 0.22 at.%, respectively) in 
this region. The authors believe that the formation of the IMCs is suppressed by the 
presence of these impurities. 
It was reported that a protective alumina coating is formed on the Cu solid solution 
when aluminium is in a concentration higher than 9 at.%. If Al is in lower concentration 
it acts as a contaminant and increases the susceptibility for oxidation of the copper 
solid solution (Plascencia et al., 2005). The increased oxidation of the copper solid 
solution when aluminium is less than 9 at.% is shown in Figure 1-18 (Kouters et al., 
2011). The same figure shows the Kirkendall plane in ɣ-phase formed due to the 
presence of contamination at the interface which can mechanically weaken the joint 
strength.  
 
Figure 1-17: Schematic representation of the IMC layers formed during heat treatment 
at the Cu-Al joint interface (Abbasi et al., 2001). 
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Figure 1-18: Oxidation of the copper solid solution when aluminium is less than 9 at.% 
in a diffusion bonded sample (Kouters et al., 2011).  
 FEM of dissimilar joints 
All fusion joining processes occur in transient conditions and it is not possible to control 
temperature and heating time independently. The IMC layer thickness and the weld 
geometry (in particular weld width which determines the bonding area) are resultant 
from the thermal cycle applied to the joint. Therefore, to control these two factors it is 
necessary to understand the thermal cycle and their dependency on it. FEA is a useful 
tool to estimate the thermal cycle under different welding conditions, i.e. different 
energy levels. In laser welding there are only a few research papers published where 
the IMC layer thickness is correlated with time and temperature. Fan et. al. measured 
the thermal cycle at the interface between steel and aluminium and correlated the peak 
temperature and cooling time with the laser power and IMC layer thickness (Fan et al., 
2011). The results showed that the IMC layer thickness varies with those factors, viz. 
peak temperature and cooling time. It is important to note that in fusion joining 
processes as temperature and time are inter-dependent parameters, therefore, when 
temperature increases, the time the joint is above a certain temperature also 
increases. However, the authors have not considered the two other important laser 
processing parameters, travel speed and laser beam diameter. FEA was used by 
Borrisutthekul et al. to predict the transient thermal cycle at the interface of the lap 
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joints (Borrisutthekul et al., 2007). In this case the authors only assessed the influence 
of welding speed (or travel speed) and the material of the backing bars (heat sink) on 
the IMC layer growth. They showed that higher travel speeds and backing bars made 
of high thermal conductive materials minimise the IMC layer thickness. Once again, 
the authors have not considered the effect of laser power and laser beam diameter in 
the IMC layer growth.  
 Welding processes used in this work 
 Autogenous laser welding 
Laser processing is getting very popular in manufacturing due to the numerous 
advantages that this process has to offer when compared to the traditional welding 
processes. Lasers have also been used for many years in the investigation of 
dissimilar metal joining with several metallic combinations (Laser Materials 
Processing (Google eBook), 1983). Due to the high power density heat source, laser 
offers significant advantages in terms of low energy process and resulting lowering in 
component distortion. Laser beam can also be applied with high precision in 
positioning resulting controlled mixing of the participating alloys. The versatility of 
lasers permit them to be integrated with other systems such as arc welding processes 
(hybrid laser-arc welding) or rolling (laser-roll bonding). The process can be operated 
with or without filler material. If no filler material is used the process becomes 
autogenous. 
Depending on the level of power density used lasers can be operated in conduction 
or keyhole mode (Assuncao, 2012). Laser welding in conduction mode brings many 
benefits to the welding process. Because of the larger beam diameter used, there are 
fewer problems with the fit up tolerance, the weld pool temperature is maintained 
below the vaporisation point which helps in achieving a stable and controlled welding 
process and fewer defects in welds produced under this mode. However, compared 
to keyhole mode laser welding, conduction mode results in significantly more total 
energy transferred to the material. 
Keyhole mode is induced when high power densities are used and it is characterized 
by the high depth to width ratio of the fusion zone, metal vaporization and projection 
of molten metal. When joining steel to aluminium by laser keyhole welding mode 
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metals are melted and mixed together which enhances the reaction between the 
intervenient elements and thus, the formation and growth of the IMCs. 
1.8.1.1 System parameters versus fundamental laser material interaction 
parameters (FLMIP) 
In research and industrial applications of laser welding, the vast majority of results are 
presented in terms of the laser system parameters, such as laser power (P), travel 
speed (TS) and laser beam diameter (Dbeam). However, these parameters alone are 
not sufficient to describe the interaction of the laser beam with the material. Welding 
experiments using the fundamental laser material interaction parameters (FLMIP), 
which include power density (PD), interaction time (ti) and specific point energy (Esp), 
have proven to be able to fully characterize the laser welding process (Suder and 
Williams, 2012).  
Within the defined fundamental laser material interaction parameters, power density 
is defined as the ratio of the power to the applied area of the spot as shown in equation 
1-5.  This parameter is one of the chief determinant of welding mode (conduction and 
keyhole) (Ion, 2005). Interaction time is defined by the ratio of travel speed to the laser 
beam diameter and signifies the irradiation time of an infinitesimal element within a 
circular laser beam. Calculation of interaction time (ti) is shown in equation 1-6. The 
total laser energy delivered within a spot designated here as specific point energy is 
shown in equation 1-7 which is the product of power density, interaction time and the 
total area of the laser beam (Abeam) (Hashemzadeh et al., 2014).  
 Power density, MW.m-2 PD = P. Abeam
−1
 (1-5) 
 Interaction time, s ti = Dbeam. TS
−1
 (1-6) 
 Specific point energy, kJ Esp = PD × ti  ×  Abeam (1-7) 
The researchers who investigated the FLMIP emphasized that the results are 
transferrable between different laser systems if this set of parameters are used 
(Assuncao et al., 2012) (Suder and Williams, 2014) and showed direct correlation 
between FLMIP, thermal profile and weld metal geometric profile. It is known that each 
laser system is almost unique because it can have many combinations, viz. maximum 
power, beam diameter and processing speed. Thereby, it is difficult to replicate results 
in different laser systems. The power factor model is a tool that was developed by 
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Cranfield University to allow the transferability of the results from laser to laser. In 
keyhole welding, the weld profile is controlled by Esp and PD. The power factor is a 
combination of these two parameters in a single equation and it is written as the ratio 
between laser power and beam diameter, as showed in equation 1-8. 
 Power factor, W.m-1 PF = P. Dbeam
−1
 (1-8) 
It was proven that the depth of the penetration of the welds is independent of the laser 
beam diameter if the power factor and interaction time remain constant  
(see Figure 1-19b). Based on these two parameters, it is possible to create similar 
welds in different laser systems. The laser user only needs to follow the procedure 
that is represented in Figure 1-19a and described below: 
(1) Identify the values of PF and ti for the required weld geometry, based on the 
power factor model represented in Figure 1-19b; 
(2) Identify the constrains of the laser system in use, i.e. beam diameter, maximum 
power or processing speed 
(3) Calculate the system parameters to use based on equations 6 and 8. 
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Figure 1-19: (a) Schematic representation of the mechanism to determine the system 
parameters and (b) power factor model. 
 CMT welding process 
Cold Metal Transfer, or CMT, was launched in 2005 by Fronius and it is a variant of 
the gas metal arc welding (GMAW) process. Both processes have in common the way 
the energy is produced. An electric arc is established between the continuous filler 
metal electrode and the weld pool and the mode of metal transfer is by short circuiting 
(AWS, 1991). However, CMT differs from the conventional GMAW process in the way 
the material is transferred to the substrate. Instead of the droplets of molten wire being 
detached by electromagnetic forces generated by a peak on the welding current, in 
the CMT process when the power source detects a short circuit, the welding current 
drops to a lower level and the filler wire is retracted, causing the detachment of the 
(Inputs) (Outputs) (a) 
(b) 
PD: 
Penetration 
depth 
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droplet to occur by inertia.  CMT is then a low heat input process which permits welding 
of thin sheets with no distortion, with high speed rates. Clean and spatter-free metal 
deposition is possible due to highly controlled droplet detachment provided by the wire 
retraction. 
This process has been applied in the automotive industry to weld thin panels made of 
steel but it has also been used in the investigation of dissimilar metal joining, more 
specifically steel and aluminium. Fronius International have reported successful joints 
between galvanized steel and aluminium using the CMT process. With low level of 
heat insertion, using CMT the filler wire is mixed with molten aluminium substrate and 
this mixture then wets the galvanized steel (Zhang et al., 2009)(Padmanabham et al., 
2013). 
CMT welding process is relatively easy to automate and easy to operate. There are 
several welding modes available in the power source and each contains several 
programs according to the material in use. The CMT Advanced power source has the 
following welding modes: CMT Standard, CMT Pulse, CMT Advanced and CMT 
Advanced Pulse. The differences between these welding modes are represented in 
Figure 1-20. 
CMT Standard works with direct current electrode positive which means the electrode 
has positive polarity. The wire moves forward and when it touches the melt pool the 
arc is extinguished. At this time the welding current drops and the filler wire is retracted. 
The droplet detachment occurs by inertia. The filler wire then moves forward and the 
cycle is repeated. This process occurs at very high frequency, up to 90 droplets being 
deposited into the molten pool per second. The manufacturers also managed to boost 
the frequency up to 130 Hz (Fronius, 2013).  
The CMT Pulse combines a pulsing cycle with a CMT cycle which results in a higher 
heat input. The transfer mode is known as spray mode (AWS, 1991) which means that 
during the pulsing cycle small droplets are transferred to the substrate at high energy 
levels. 
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Figure 1-20: Images from a high-speed camera showing the differences of polarity and 
metal transfer mode of CMT Standard, Pulse, Advanced and Advanced Pulse (Fronius, 
2014). 
The CMT Advanced operates in alternate polarity of the welding current. The polarity 
inversion happens during the period of short circuit avoiding arc instability. The positive 
phase enhances penetration whereas the negative phase increases the deposition 
 CMT Pulse – Combination of CMT and pulsing cycles, in single DCEP phase 
 CMT Advanced – CMT cycles alternating between positive and negative phases (AC) 
 CMT Advanced Pulse – Combination of CMT negative and positive pulsing cycles (AC) 
 CMT Standard – CMT cycles in single phase with welding wire in positive phase 
(DCEP phase) 
Electrode 
Substrate 
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rate with similar level of heat input. It is then possible to alternate between high 
deposition rate and low thermal input during the welding process. 
CMT Advanced Pulse alternates between negative CMT phases with reversing wire 
movement and short-circuiting transfer mode and positive pulsed arc phases with 
continuous wire feed and spray transfer mode.  
Maintaining the quality, the CMT Advanced and Advanced Pulse permit welding of thin 
and very thin sheets and bridging of larger and uneven gaps. Moreover, this 
technology permits to achieve the same deposition rate with a lower thermal input. 
Each program has a specific synergic curve which facilitates the process operation. 
According to the wire feed speed defined by the user, the power source adjusts the 
welding voltage and current to attempt the stabilisation of the welding process. 
CMT Advanced was mainly developed to applications which demand a low and 
adjustable heat input. For this reason in this project this mode was used.  
1.8.2.1 Heat input calculation 
Waveform-controlled welding enables an operator to establish the amount of energy 
used in the welding process and then correlate the process energy with the weld 
geometry, heat affected zone and microstructure of the weld. The heat input, or Q, can 
be calculated using equation 1-9, where k (non-dimensional) is the thermal efficiency 
of the welding process, V (Volt) and I (Ampere) are welding voltage and current, 
respectively, and v (millimetre per second) is the travel speed, or welding speed (E N 
British Standard, 2009). 
Heat input, kJ.mm-1 𝑄 =  𝑘
𝑉. 𝐼
𝑣
. 103 (1-9) 
The process efficiency included in the equation enables comparison between different 
arc welding processes. According to the standard BS EN 1011-1:2009, the thermal 
efficiency for GMAW is 0.8. However, Pepe et al. used a liquid nitrogen calorimeter to 
determine the process efficiency for CMT and the authors found that the process 
efficiency was 0.85 (Pépe et al., 2011).  
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 Summary 
The literature review on dissimilar metal joining techniques showed that IMC formation 
is extremely sensitive to the thermal field produced by the joining process. For this 
reason it is important to consider a low energetic joining process which simultaneously 
allows control of the energy applied to the joint and gives flexibility to weld in different 
joint configurations to control the dilution of one metal into another. It was found that it 
is important to reduce the mixing of elements in the liquid state to supress the reaction 
between Fe and Al. 
Even though the solid state joining processes minimize the Fe-Al IMC formation, the 
fusion processes offer more dimensional and joint configuration flexibility. Among the 
fusion joining processes, laser welding permits transfer of energy to a small spot on 
the material with a very fast heating and cooling rate and leaves a small heat affected 
zone. Because of the formation of brittle IMCs which are sensitive to temperature and 
time, it is important to control the processing energy and if possible, create a joint 
between solid steel and liquid aluminium. The use of interlayers can be also important 
to minimize or avoid the diffusion between Al and Fe. Copper is a possible candidate 
due to its availability and relatively low cost. It was shown that alloying elements play 
an important role on the formation of the IMCs. Si was found to be the most effective 
alloying elements to suppress the reaction between Fe and Al. On the other hand, Zn 
was found to improve the wetting by the molten aluminium on the steel surface but 
forming simultaneously a thick IMC layer. Mg was proven to be less effective than Si 
to suppress the IMC growth but the joints produced with Mg based wire had less 
defects (micro-cracking and porosity) and showed higher strength than the ones 
brazed with Si based wire. 
 Gaps found in science 
The points indicated below correspond to the gaps found on the literature relating to 
dissimilar metal joining of thick sections of steel to aluminium. These gaps motivated 
the research presented in this manuscript. 
 For applications requiring thick (> 6.0 mm) plates of steel and aluminium, for 
instance shipbuilding, the current solution is to use a transition bar between the 
steel and the aluminium, so called Triclad® bar (Figure 1-21) (Tricarico et al., 
2009). The half steel and half aluminium Triclad bar is produced by explosion 
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bonding. This bar permits the direct joining of steel substrate to the steel side 
of the Triclad bar and similarly, to join the aluminium substrate to the aluminium 
side of the Triclad bar. Even though this solution overcomes the loss in strength 
caused by the presence of the intermetallic compounds, there are a few 
disadvantages in terms of and logistics and cost. The application of the 
transition bar is not cost effective, as it increases the cost of production via the 
cost of the bar (US $25 per kg (Aerodynamic metals PTE Ltd, 2009)) and 
complicated logistics of operation, for instance to purchase, storing and 
handling. In addition, as demonstrated in the example in Figure 1-21, four fillet 
welds are necessary when a transition joint is used, instead of two, if steel and 
aluminium were joined directly. The cost effectiveness and mass efficiency is 
thus reduced in such structures; 
 
Figure 1-21: Schematic representation of a dissimilar metal joint of steel to aluminium 
using the Triclad ® bar. 
 The majority of the research on dissimilar metal joining of steel to aluminium is 
focused on thin gauge materials which has application in the automotive 
industry. Therefore, the research done for thick sections is limited; 
 The results found on the literature review for laser welding of steel to aluminium 
are based on the system parameters and thus, are dependent of the laser 
system. Using the FLMIP it would be possible to correlate the IMC formation 
and the weld geometry to the energy transferred to the material; 
 The finite element analysis methods suitable to estimate the thermal cycle of 
the laser welding process of steel to aluminium which were available in the 
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literature was limited. The processing parameters were not fully investigated 
and the effect of the temperature and time were not independently analysed; 
 The research on dissimilar metal joining of steel to aluminium with interlayers 
was limited. 
 Project aim and goals 
The aim of the work is to develop a cost effective and energy efficient joining solution 
between steel and aluminium with appropriate mechanical strength and metallurgical 
characteristics suitable for the intended application. The final application requires a T-
joint configuration of thick plates of aluminium and steel which will be used as a 
stiffener in shipbuilding as shown in Figure 1-21 but without the Triclad® bar. 
One of the goals is to understand and, therefore be able to control the growth of the 
intermetallic compounds formed during the direct joining of steel to aluminium (see 
Figure 1-22). The development of a thermal model to predict the time and temperature 
during the formation and growth of the intermetallic compound layer was also part of 
the work. 
 
Figure 1-22: Direct joining of steel to aluminium using laser in conduction mode. 
The second goal was to investigate the use of engineering metallic alloys to create a 
bridge between the steel and the aluminium to avoid the reaction between Fe and Al 
(see Figure 1-23). Copper is a good candidate for an interlayer because even though 
it reacts with aluminium and forms intermetallic compounds, it is still possible to have 
solid solution in certain joining conditions. The welding process used in this study was 
Cold Metal Transfer (CMT) with a CuSi3 and different aluminium alloy welding wires in 
 
 
39 
a bead on plate configuration. Different joining configurations and energy levels were 
used to assess the viability of using copper as interlayer. 
 
Figure 1-23: Strategies for metal deposition using CMT welding process to evaluate 
the reaction between copper and aluminium: (a) copper deposited onto aluminium 
and (b) aluminium deposited onto copper which previously has been deposited onto 
steel. 
The third goal of this project was to transfer the knowledge acquired in the experiments 
obtained for the lap joint configuration to the intended T-joint. In this stage an 
innovative joint design was necessary.  
 Research objectives and thesis structure 
 Research objectives 
 Use of laser welding in conduction mode, with heat conducted through the steel 
plate up to the aluminium plate to induce only melting on the aluminium; 
 Development of the clamping system to ensure the reproducibility of the 
experiments and the contact between the two plates (no gap, no defect, good heat 
transference from steel to aluminium); 
 Determine the window of welding parameters suitable to produce sound joints; 
 Evaluate the influence of the laser welding parameters on the IMC layer type and 
thickness; 
 Correlation between mechanical strength, IMC layer thickness, bonding area and 
laser welding conditions; 
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 Development of a thermal model to predict the thermal profile at the Fe-Al interface, 
where the IMC layer grows; 
 Investigate use of copper interlayer to restrict the Fe-Al reaction and avoid the IMC 
layer formation;  
 Investigate the Al-Cu IMCs formed during CMT welding with copper and different 
grades of aluminium welding wires 
 Study different innovative joint designs and welding configurations to transfer the 
findings obtained for the lap-joint configuration to the intended T-joint configuration. 
 Thesis Structure  
 Chapter 1 contains a brief introduction to the project, a review of the existing 
literature review necessary for this work, the motivation for the research, the aim, 
goal and objectives for the project; 
 
 Chapter 2 has the description of the experimental procedures used either in direct 
joining of steel to aluminium by laser welding or joining of steel to aluminium with 
addition of copper in between using CMT welding process. This chapter also shows 
the methodology used for the metallographic analysis and mechanical strength 
analysis of the dissimilar metal joints. A description of a procedure developed to 
measure the intermetallic layer thickness is provided. 
 
The following five chapters correspond to the main outcome of the work produced 
in this project. Chapters 3 to 5 and 7 are formatted versions of papers submitted 
for publication: 
 
 Chapter 3 is based on the paper (Meco et al., 2015) about the effect of different 
laser welding conditions on the intermetallic layer thickness and on the mechanical 
strength of lap welded joints. A detailed metallographic characterization of the 
intermetallic layer is done in this chapter with the identification of the intermetallic 
compounds formed during the laser welding process and the measurement of the 
intermetallic compound layer thickness for each welding condition. The power 
density and specific point energy are correlated with the intermetallic compound 
layer thickness and the mechanical strength of the joints; 
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 Chapter 4 is based on the paper (Meco et al., 2014) about a deeper study on the 
effect of the fundamental laser material interaction parameter. Here a matrix was 
created where only one parameter was changed individually in each welding 
condition. Once again the results shows how the strength and intermetallic 
compound layer thickness of steel-aluminium joints vary with the laser power 
density, interaction time and specific point energy; 
 
 Chapter 5 is based on a paper about the development of a thermal model to predict 
the thermal cycle at the Fe-Al interface where the IMC layer grows. In this chapter 
the thermal cycle resulting from different values of fundamental laser material 
interaction parameters are correlated to the IMC layer thickness and bonding area 
(weld width) and these two factors are then correlated to the mechanical strength 
of the joints. This allows evaluation of how the mechanical strength is affected by 
the thermal conditions via IMC layer thickness and bonding area; 
 
 In chapter 6, the reaction between copper and aluminium was investigated using 
Cold Metal Transfer MIG welding and CuSi3 copper welding wire. This extensive 
study covered different metal deposition configurations and different levels of 
energy; 
 
 Chapter 7, is based on a paper about a novel joint design to permit the 
transferability of the results achieved for laser welding of steel to aluminium in a 
lap-joint configuration to the required T-joint configuration aiming to shipbuilding; 
 
 Chapter 8 summarises the findings of this project, a brief discussion about the 
outcome of the project and the main conclusions. The future work is also presented 
in this chapter and includes ideas for future projects worthy of further investigation; 
 
 The last section includes the appendices and a list with the sources of the citations 
used in this thesis. 
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2.0 Experimental procedure 
 Introduction 
This chapter has a brief description of the experimental principles and methodology 
used to investigate direct joining of steel to aluminium using laser welding. 
 Materials 
The materials used in direct joining of steel to aluminium were 2 mm thick plates of 
XF350 high strength low alloy steel and 6 mm thick 5083 H22 aluminium. Copper 
welding wire and foils were also used as interlayers. The chemical composition and 
mechanical properties of these materials are shown in Table 2-1 and Table 2-2, 
respectively. The physical properties of these alloys are shown in Table 2-3. 
Table 2-1: Chemical composition of the base materials and interlayers. 
Material 
Elements (wt. %) 
Al Fe C Si Mn P+S Ni Ti Cu Mg Zn Cr Other 
XF350 0.047 Bal. 0.059 0.021 0.610 0.025 0.020 0.001 0.03 - - 0.030 0.255 
5083-
H22 
Bal. 0.400 - 0.400 0.500 - - 0.150 0.100 
2.600-
3.600 
0.200 0.300 - 
Cu foil - - - - - - - - 99.9 - - - 0.1 
CuSi3 
wire 
<0.01  0.017 2.9 0.84 0.009 - - Bal. - 0.005 - 0.005 
 
Table 2-2: Mechanical properties of the base materials and interlayers. 
Material 
Yield strength,           
MPa 
Ultimate tensile 
strength, MPa 
Total elongation at failure, 
% 
XF350 (ASW, 1996) 350 430 23 (at 80mm of gauge length) 
5083-H22 (Metalweb, 
2013) 
250 337 8 (at 50mm of gauge length) 
Cu foil (Weigl et al., 2011) - 290 - 
CuSi3 wire (Weigl et al., 
2011) 
- 350 - 
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Table 2-3: Thermal properties of the pure iron and aluminium and copper interlayers. 
 
Melting 
temperature, °C 
Thermal 
conductivity at 
room temperature, 
W.(m.K)-1 
Thermal expansion,     
10-6 m.(m.K)-1 (0-100 
°C) 
Fe (Matweb, 1996) 1538 80 12.2 
Al (Azom, 2000) 660 238 23.5 
Cu foil (Weigl et al., 2011) 1083 400 
17.7 
CuSi3 wire (Weigl et al., 
2011) 
965 35 
18 
The aluminium and steel plates were all cut with the same dimensions, i.e. 150 mm 
long and 138 mm wide. 
 Methodology and Experimental Setup 
 Joining principle 
Laser welding was the joining process chosen to bond steel to aluminium, in a lap joint 
configuration with steel on top of the aluminium. The experimental arrangement is 
schematically explained in Figure 2-1. Since the gap between both plates is negligible 
and the thermal conductivity of the aluminium is much higher than the steel, forming a 
heat sink which helps the heat to be easily transferred from the steel plate to the 
aluminium. Laser welding in conduction mode was used because of the characteristic 
weld shape with low depth-to-width ratio which is necessary for the joint configuration 
used in this work. This welding mode also avoids any vapourisation effects which leads 
to poor quality welds. In this manner, the heat produced when the laser beam irradiates 
on the steel surface is conducted through the thickness of the steel plate and induces 
local melting of the aluminium (Figure 2-1b). A copper backing bar was positioned 
underneath the joint to remove part of the heat produced during welding. Due to the 
high thermal conductivity of the copper the heat is efficiently conducted away from the 
joint, reducing the temperature and thus the growth of the IMCs. The welding 
parameters must be controlled so that the temperature at the Fe-Al interface remains 
in the range between 570 °C (Tmelting, AA5083) and 1500 °C (Tmelting, XF350). Figure 2-1b-c 
indicates different areas resulting from the joining process. In these figures on the steel 
side there is a darker area correspondent to the fusion zone. The energy required to 
melt the aluminium at the Fe-Al interface is such that partial melting of the steel plate 
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is not avoided. The energy of the laser must be controlled to prevent melting of the 
whole thickness of the steel plate so that the steel and aluminium are not mixed in the 
molten state at the interface. 
 
Figure 2-1: Schematic representation of the laser welding process: (a) perspective 
view, (b) macroscopic cross-sectional view and (c) identification of the fusion zone 
and the heat affected zone. 
This technique allows relatively lower interaction between the alloys since the diffusion 
of elements in the solid state is lower than that in the liquid state and therefore, it is 
possible to minimize the reaction between both elements and the formation of IMCs 
(Ma et al., 2014). 
A large and defocused laser beam is used to create a large bonding area between the 
aluminium and steel plates. The geometry of the fusion zone visible in Figure 2-1 is 
the characteristic of a weld produced in conduction mode. By definition, the aspect 
ratio (penetration depth by weld width) must be smaller than 0.5 (Nakamura et al., 
2000) (Quintino and Assuncao, 2013) and the power density must be lower than 106 
W.cm-2 (J. M. Sánchez-Amaya et al., 2009) for a weld to be considered in conduction 
mode. In this work, both conditions were verified and all joints were produced in 
Copper 
backing bar 
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conduction mode. Compared to laser keyhole welding, laser conduction welding is 
more stable, the weld geometry is favourable to create a large bond area and the 
slower processing speed allows appropriate temperature gradients to establish 
between the dissimilar alloys to ensure melting of the aluminium only. As can be 
understood, keyhole mode is not suitable for such a joining process as with the high 
depth to width ratio of the weld it would be impossible to control melting of the steel 
and thereby mixing of the two alloys. Another consequence of the keyhole mode is the 
number of defects formed during the welding process, such as porosities due to the 
gas entrapment during the solidification of the weld pool and undercuts due to metal 
projection (Assuncao et al., 2012; J.M. Sánchez-Amaya et al., 2009). 
 Development of the clamping system 
The integrity of dissimilar joints in this particular joint configuration relies on good 
contact between the overlapped plates. Therefore, it is essential to have an effective 
clamping system to ensure the reproducibility of the experiments. The first stage of the 
work focused on the development of the clamping system for laser welding of steel to 
aluminium with the joint configuration previously described. The following 
characteristics of the device were considered: 
 Good contact between both plates, ideally zero gap: Good contact between the 
upper and lower plates is essential so that the heat resulting from the interaction 
of the laser with the steel can be transferred to the aluminium to produce the 
joint. The presence of a gap at the Fe-Al interface would reduce the heat 
transfer and the success of the joining process would be compromised; 
 Uniform pressure along the substrate: The weld seam becomes unstable if the 
pressure applied by the clamps on the substrate is not uniform. As a 
consequence, the mechanical strength of the joint might be compromised; 
 Low setup time: Aiming to save time during the experimental work. The 
clamping should require a low setup time to clamp the substrate; 
 Copper backing bar to increase the cooling rate of the welds: According to the 
literature it is beneficial to use a copper backing bar in the setup for dissimilar 
metal joining. Some researchers have pointed to the effect of the cooling 
conditions on the IMC layer growth (Borrisutthekul et al., 2007). They showed 
that the use of a copper backing bar, which has a very high thermal conductivity, 
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tends to form thinner IMC layers and they also associated this with an increase 
in the mechanical strength of the joints. 
Figure 2-2 shows the different clamping systems developed for the experimental work. 
The identification of several issues during the initial experiments resulted in the 
progressive improvement of the clamping system. 
 
Figure 2-2: Evolution of the clamping system. 
The first version of the clamping system proved not to be effective because it could 
not clamp uniformly. The welds produced using this device were unstable, as shown 
in Figure 2-2a. Since the substrate was not properly clamped at the centre, the 
increase in temperature during the welding process caused distortion of the material 
and the formation of a gap between the upper and lower plates. 
On the second version of the clamping system three toggle clamps were added to 
improve the setting up time and to ensure a uniform pressure along the substrate (see 
Figure 2-2b). However, these clamps are prone to lose strength and therefore, 
(a) (b) 
(c) (d) 
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consecutive experiments might have different pressure applied on the substrate. This 
could lead to inconsistent results. 
Figure 2-2c shows the next clamping generation with bolts applying load on two bars 
positioned on the plates. The use of the torque wrench keeps the same load applied 
in each bolt which ensures the same pressure on the plates in consecutive 
experiments. However, this clamping system also proved to be not effective due to the 
way that the upper bars were fastened to the base of the clamping system. The 
schematic representation in Figure 2-3 helps to understand the problem. When the 
bolts were tightened and the lower bar (represented in green) applies pressure on the 
substrate, there is a reaction force (represented by the white arrows in Figure 2-3a) 
which produces torque. The bigger the arm length between the point where the load 
is applied and the point where the bar is clamped to the base of the clamping system 
(represented in grey), the bigger the torque. As the distance between P1 (point where 
the top bar is clamped to the base of the clamping system) and P2 (the point where 
the bolt applies pressure on the substrate) in the original jig is too big and therefore, 
the top bar (represented in purple) bends due to the torque resultant from tightening 
the bolts. Therefore, the latest development of the clamping system consisted in 
adding two more bolts closer to the plates and thus reducing the arm length and the 
deformation of the upper bar. An extra bolt was also added between the existing two 
to ensure good contact between both plates. 
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Figure 2-3: Schematic representation of the changes carried out on the clamping 
system to avoid bending of the top bar due to the reaction force from the substrate. 
(a) Original jig with 4 bolts and (b) modified jig with 7 bolts. 
Further improvements were also made to the bars in contact with the work piece. To 
increase the pressure on the plates the bars were machined and the contact area was 
reduced. Figure 2-4 shows the 3D CAD model of the clamping with the respective bars 
created using Autodesk Inventor Professional 2013 software.  
 
Figure 2-4: Model of the final clamping device with redesigned bars to increase the 
pressure on the plates designed with CAD 3D. 
Minimum distortion of the upper bars when the plates were clamped and the new 
shape of the bars in contact with the plates minimized the gap between the plates to 
P1 P2 
P’2
A 
P’1
A 
(a) 
(b) 
Bolts 
Lower bar 
Lower bar 
Substrate 
Substrate 
Base of the clamping system 
Base of the clamping system 
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be joined. Moreover, the torque wrench ensured the samples were clamped with 
similar force and therefore, the same clamping condition were always consistent. 
Finally, with the support from the 3D CAD model software it was possible to build the 
jig with the requirements needed to join steel to aluminium in a lap joint configuration. 
 Laser welding 
The steel and aluminium plates were linished before welding to remove most of the 
oxides from the surface of the material, and then degreased with acetone. For each 
joint, the steel plate was positioned on the aluminium plate in a lap joint configuration 
(see Figure 2-5), with an overlap of 46 mm, as in agreement with the standard for 
seam welds in lap joint configuration (British Standard Institurion, 2001). 
The laser head was fixed to a 6-axis Fanuc robot, which was kept stationary during 
the joining process. The linear movement to produce the weld seams was produced 
by the gantry, as shown in Figure 2-6. 
 
Figure 2-5: Schematic representation of the joint configuration. 
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Figure 2-6: Experimental setup for laser welding of steel to aluminium. 
At this stage of the work, neither filler material nor brazing flux was used. The joints 
were produced with an IPG continuous wave fibre laser with 8000 W maximum power 
and a wavelength of 1.07 µm. The delivery system consisted of a fibre with 300 µm of 
diameter, a 125 mm collimating lens and a 500 mm focal length lens. The laser beam 
was characterized using a Primes GmbH focus monitor system and the D4σ (second 
order moment) method (International Standard, 2005). The distance between the laser 
head and the substrate to have a particular laser beam diameter was determined 
based on the divergence of the laser beam and the focal position. As the laser beam 
was defocused, the beam profile was Gaussian instead of top hat (see Figure 2-7). 
8 kW CW fibre 
laser (IPG) 
Welding head 
(Precitec) 
Fume 
extractor 
6-axis robot 
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1 axis motion 
system 
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system 
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Figure 2-7: Laser beam profiles: (a) Gaussian and (b) top hat. 
The initial part of the work consisted in determining the window of parameters which 
resulted in defect free welds, welds were done in conduction mode and with partial 
penetration of the steel plate to avoid mixing of the steel into aluminium. Afterwards, 
considering the best parameters, further tests were done to produce samples for 
metallographic analysis and mechanical tests. 
The system parameters (laser power and travel speed) and the fundamental laser 
material interaction parameters (power density, interaction time and specific point 
energy) used in the welding experiments are provided in each subchapter. The latter 
parameters are calculated based on the system parameters as depicted in 1.8.1.1 
(equations 1-5 to 1-7). 
 Metallographic analysis 
Cross-sections were machined out from the welded joints for analysis of the weld 
geometry and the IMC layer thickness. Two samples, A and B, were cut from each 
welded joint, as represented in Figure 2-8. The cross-sections were mounted either in 
cold resin or in conductive resin and then polished using the standard metallographic 
procedure for 5xxx series of aluminium alloy (MetPrep Ltd, n.d.). The aluminium and 
steel microstructures were then etched using Keller and Nital 2% etchant solutions, 
respectively. Micrographs were taken with an Optiphot optical microscope with total 
magnification ranging from 25x up to 400x. Penetration depth and weld width were 
measured using the digital imaging software AxioVision (Ltd., 2009). The IMC layer 
thickness was measured according to the following procedure. 
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Figure 2-8: Schematic representation of the samples cut from the dissimilar metal 
joint; Samples A and B for metallography analysis and sample C for mechanical shear 
test. 
A series of 10 micrographs were taken from each sample with the maximum 
magnification of the objective lens (40x magnification) to determine the thickness of 
the IMC layer formed at the joint interface. Then, the micrographs showing the thickest 
IMC layer were analysed by using the Axio Vision software, which is a digital image 
processing software, and the thickness of the IMC layer was measured. As the IMC 
layer is not uniform along the Fe-Al interface the micrograph, several measurements 
were taken in each micrograph along the IMC layer in order to provide a representative 
value. The values of the IMC layer thickness presented in this report correspond to the 
average of 20 measurements, equally spaced, with a gap of 10 µm between each 
other (see Figure 2-9). This procedure was reapeated for all samples.  
 
 
 
54 
 
Figure 2-9: Schematic representation showing (a) the positions where the 
micrographs were taken and (b) the methodology how the IMC layer thickness was 
measured. 
The semi-quantitative compositional analysis of the IMC layer was done using the 
scanning electron microscope (SEM) with an integrated energy-dispersive X-ray 
spectroscopy (EDS) using an accelerating voltage of 20 kV. 
 Microhardness test 
Microhardness tests were carried out on the welded samples to determine the 
hardness in different areas of the joint, such as fusion and heat affected zones of steel 
and aluminium, and most importantly, the hardness of the IMC layer formed between 
both metals. The tests were performed with the Zwick/Roell type ZHV microhardness 
equipment, with a pyramidal diamond indenter using 25 g of load with loading duration 
of 10 s.  
 Mechanical Test 
The geometry and dimensions of the cross weld lap tensile-shear test specimens were 
according to the standard for mechanical tensile-shear testing of seam welds (British 
Standard Institurion, 2001). The specimens were straight-sided, 60 mm wide and 230 
mm long (see Figure 2-8, sample C). An electro-mechanical equipment Instron 5500R 
was used for testing with a load cell of 100 kN. The tests were carried out at room 
temperature and with 1 mm.min-1 crosshead speed. The elongation of the specimens 
was measured by the laser extensometer model LE-15. The specimens were coated 
… 
Fe 
Al 
IMC 
(a) 
(b) 
Micrographs 
… … 
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with graphite and two pieces of reflective tape were attached to the surface (see Figure 
2-10, detail B). The distance between the strips, i.e. gauge length, was kept constant 
for all specimens, at 50 mm. It is important to highlight that the laser extensometer 
measured the total elongation of the specimen, i.e. the elongation of the parent metals, 
heat affected zones and fusion zones.  
 
Figure 2-10: Picture from the experimental setup: Detail A – Laser extensometer 
(model LE-15) and detail B – sample coated with graphite and with two reflective tape 
strips attached on the surface, fastened on the grips of the Instron 5500R. 
The high speed laser scanning measured the elongation, i.e. the distance between 
both reflective tape strips, and the information was transferred and saved to the 
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computer. The settings relative to the data acquisition were controlled by a Labview 
program which was running in the computer.  
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3.0 Characterization and analysis of the IMC layer growth 
with the fundamental laser material interaction 
parameters  
 Introduction 
In the present section 2.0 mm thick plates of steel were joined directly to 6.0 mm thick 
aluminium by autogenous laser welding. In order to achieve viable joints it was 
necessary to understand the underpinning interaction between the laser source and 
the alloys and correlate the microstructural constituents of the interface with the 
interaction parameters and finally to the mechanical strength of the joint. In order to 
achieve this, an experimental matrix based on fundamental laser material interaction 
parameters was defined, the Fe-Al IMCs were characterized and the growth of IMC 
layer was correlated with the welding parameters and the mechanical strength of the 
joints was correlated to the thickness of the IMC layer. 
 Experimental procedure 
  Materials 
The materials used in the experiments were 2 mm thick plates of XF350 high strength 
low alloy steel and 6 mm thick plates of 5083 H22 aluminium. The chemical 
composition and mechanical properties of the materials are indicated in Table 2-1 and 
Table 2-2, respectively, of section 2.2.  
  Methodology and Experimental Setup 
The welds were produced in a lap-joint configuration with steel on the top. The joint 
dimensions and experimental setup are depicted in section 2.3. 
The welded area was shielded with inert argon gas with a 20 l.min-1 flow rate. The 
laser parameters, viz. system and fundamental material interaction parameters, used 
in the experiments are shown in Table 3-1. The latter parameters are calculated using 
the system parameters as shown in section 1.8.1.1 of this paper (equations 1-5 to 1-
7).  
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Table 3-1: System and fundamental material interaction parameters used in the laser 
welding experiments. 
System parameters Fundamental laser material interaction parameters 
Beam 
diameter,          
Dbeam, mm 
Power,                            
P, kW 
Travel 
speed,               
TS, m.min-1 
Power 
density,              
PD, MW.m-2 
Interaction 
time,              
ti, s 
Specific point energy,  
Esp, kJ 
13 
4 
0.20  3.90 15.60 
0.25 30.1 3.12 12.48 
0.30  2.60 10.40 
5 
0.30  2.60 13.00 
0.35 37.7 2.23 11.14 
0.40  1.95 9.75 
 
The values of the parameters indicated in Table 3-1 result from a number of trial 
experiments produced prior to the main experiments to identify the laser parameters 
needed to produce the welds with the required characteristics, i.e. in conduction mode, 
free of defects and with partial melting of the steel near the top surface to prevent any 
interaction between the steel and aluminium in liquid state. A combination of two 
values of laser power and a single laser beam diameter was considered for laser 
conduction welding. The minimum travel speed for each laser power corresponds just 
before having the entire thickness of the steel plate melted, whereas the maximum 
travel speed corresponds to the limit from which no bonding is produced.  
  Metallurgical and mechanical characterization 
The experimental error of the welding process was calculated based on two samples 
welded under similar conditions. Then, the welded specimens were machined to take 
three samples from each weld – one for mechanical testing and the other two for 
microanalysis, as described in section 2.3.4. 
The microstructural analysis was based on optical microscopy and scanning electron 
microscopy. The important features of the joints were the fusion zone geometry, 
dimension of the steel and aluminium and the IMC layer thickness and composition. 
More details are presented in section 2.3.4 
The micro-hardness was also measured on the steel, aluminium and IMC layer, as 
described in section 2.3.5. 
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The mechanical strength of the joints was quantified by tensile-shear testing according 
to the procedure described in section 2.3.6. 
 Results and Discussion 
 Macro and Microstructure 
Figure 3-1a shows a cross section of a weld. It can be seen that the steel was partially 
melted near the top where it was irradiated by the laser, however, near the Fe-Al 
interface the steel remained in the solid state. This happened in all the experiments, 
even in the samples produced with  9.75 kJ the lowest specific point energy (Esp) (see 
Table 3-1), since to ensure the temperature on the Fe-Al interface is higher than 
aluminum melting point, the temperature gradient across the steel plate thickness 
needs to be sufficiently high, melting occurs at the steel top surface. 
 
Figure 3-1: Evolution of IMC layer thickness along the cross section (P = 4.0 kW; TS = 
0.20 m.min-1; Dbeam = 13 mm; PD = 0.301 W.m-2; ti = 3.9 s; Esp = 15.6 kJ): (a) 
Macrosection; (b) Microsections. 
Micrographs in Figure 3-1b show the presence of the IMC layer formed by the Fe-Al 
reaction. The IMC layer thickness is not uniform along the cross section. Micrograph I 
and III in Figure 3-1b correspond to the edges of the weld and show relatively thinner 
IMC layer as compared to the centre (micrograph II in Figure 3-1b) where the IMC 
layer is thicker. This can be attributed to the differential thermal cycle near the edge 
and the centre of the weld. Near the centre, the temperature is expected to be higher 
and the cooling rate lower whilst in the edges the temperature is expected to be lower 
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and the cooling rate higher. Three factors may be responsible for this: (1) the 
surrounding material that extracts the heat from the weld zone and (2) the Gaussian 
distribution of the applied laser power (intensity) which induced the highest 
temperature near the centre of the weld and (3) the fact that the interaction time is 
highest near the centre of the weld. According to the literature, the IMC formation is 
diffusion controlled and thereby dependent on the time and temperature 
characteristics of the process. 
The IMC layer is composed of two distinct layers (Figure 3-2). The IMC present in 
these layers are FeAl3 on the aluminium side and Fe2Al5 on the steel side. As found 
by (Ranfeng Qiu et al., 2009a), (Olsen, 2009) and (Kobayashi and Yakou, 2002), the 
FeAl3 layer is usually thin and present as a needle shape morphology whilst the Fe2Al5 
layer is usually thicker than the latter and tongue shape but strongly dependent on 
time-temperature. At the edges, where the temperature is lower as well as the 
interaction time, there is only the FeAl3 layer. According to Qiu et al. (Qiu et al., 2010), 
FeAl3 IMC has lower free energy of formation than other IMC and, thus its formation 
is easier in terms of thermodynamic principles. However, the kinetic aspect of the 
Fe2Al5 formation is more favorable. The nearly constant thickness of FeAl3 could be 
due to the sluggish growth of this IMC in contrast to the irregular thickness of Fe2Al5 
layer across the weld. 
 
Figure 3-2: Optical micrograph showing two distinct layers in the IMC layer. 
The composition of the two IMC layers was identified by EDS spectrum analysis 
(Figure 3-3). The EDS results confirmed the IMC previously identified based on the 
morphology: the needle shape FeAl3 with 62 wt% Al and thicker tongue shaped layer 
of Fe2Al5 with 56 wt% Al. 
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Figure 3-3: EDS spectrum analysis. 
The same morphology is seen in the SEM micrographs (Figure 3-4a) but the two layers 
are not clearly distinguishable. The highlighted dots in the EDS mapping of Figure 
3-4b and Figure 3-4c correspond to the Fe and Al elements, respectively. The lower 
concentration of dots in the centre of both pictures forming a horizontal band is 
explained by the presence of the Fe-Al IMC (Fe and Al elements were detected 
simultaneously in that region during the EDS analysis).  
 
Figure 3-4: EDS mapping pictures: (a) Mix of Fe and Al elements, (b) Fe elements, (c) 
Al elements. 
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Microhardness testing was carried out along a vertical line in the cross sectional plane 
extending to both the parent metals as shown in Figure 3-5. The irregular behaviour 
on the hardness curve on the steel side is due to the partial melting of the material 
near the top that resulted into different metallurgical phase formations as compared to 
the part which remained solid throughout the process. On the Al side the hardness 
value showed very consistent and uniform results around 70 HV 0.025/10. As 
expected, the maximum value of hardness was observed on the IMC layer with 1145 
HV 0.025/10. This value is similar to the one reported by Olsen (Olsen, 2009), 1100 
HV. 
 
Figure 3-5: (a) Micro-hardness distribution along the thickness of the sample, from the 
top surface of the steel and (b) microscopic view of the indentations near the Fe-Al 
interface. 
Figure 3-5b shows a micrograph where the microindentation on the IMC Fe2Al5 is 
visible. As the FeAl3 IMC layer is very thin, about 2 µm, it was not possible to measure 
the hardness with the microindenter, it would be necessary to use a nanohardness 
tester. 
 Laser Welding Process 
As mentioned in section 2.3.3, the experiments were carried out in conduction mode 
with the laser beam incident on the steel plate through which heat was conducted, 
melting the aluminum and bonding the two metals. Using this methodology, the 
temperature in the Fe-Al interface is lower than the melting point of the steel and as 
Microindentations 
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steel was maintained in solid state, the diffusion of Fe and Al elements is minimized 
and thus, the Fe-Al reaction was reduced. 
The visual inspection on the welds produced with laser process in conduction mode 
revealed no defects which was in agreement with (Assuncao et al., 2012; J.M. 
Sánchez-Amaya et al., 2009) – the weld seam was uniform with neither porosities nor 
cracks.  
Laser welding applied in joining of thick plates of steel to aluminium, compared to other 
joining processes, such as hybrid laser-arc welding, has better process control in 
terms of energy transferred to the work piece and has lower complexity because it has 
less parameters to control. Another example is the explosion welding process in which 
the resultant welds have good mechanical properties due to the low levels of IMC layer 
thickness but the process is much less versatile in terms of material and geometries 
to weld than laser welding (Findik, 2011). 
Figure 3-6 shows the micrographs of the cross section of the samples welded under 
different welding conditions: two different power density (PD) values and three 
different specific point energy (Esp) values.  
 
Figure 3-6: Microscopic cross sectional view showing the IMC layer formed under 
different welding conditions and constant laser beam diameter of 13 mm. 
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Figure 3-7 shows the evolution of the IMC layer thickness with specific point energy 
which was varied by changing either the power density or the interaction time to 
understand effect of these parameters independently. The error bars represented in 
the graph correspond to the variation of IMC layer thickness measured in two samples 
taken from two joints produced under identical welding conditions. The experimental 
results are considered to be acceptable since the variation of IMC layer thickness 
produced under different energy levels falls outside the error bars. 
The point worth mentioning is the similar pattern of the two curves with the different 
PD values (Figure 3-7). The growth of IMC layer shows an exponential trend with the 
Esp. It can be clearly seen that as the Esp increases, IMC layer growth increases. This 
is expected as thermal cycle prolongs with increase in energy input. 
Taking into account that Esp is a function of PD, ti and Abeam and considering in this 
case constant PD and Abeam, for each curve of uniform PD, the IMC layer thickness is 
actually a function of ti (or TS, since Abeam is also constant). Therefore, higher Esp 
values were obtained with higher ti (heating time), result from welding with lower travel 
speed, which explains the thicker IMC layer for higher values of Esp. 
 
 
Figure 3-7: Graph with results from steel to aluminium joints performed with laser 
welding process – IMC layer thickness vs Esp. 
Figure 3-7 highlights two points, P1 and P2, with similar IMC layer thickness formed 
under different energy levels Esp,P1 and Esp,P2, with Esp,P1 < Esp,P2 (Figure 3-7, equation 
3-1). 
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𝐸𝑠𝑝,𝑃1 = 𝑃𝐷𝑃1  × 𝑡𝑖,𝑃1  × 𝐴𝑏𝑒𝑎𝑚,𝑃1 < 𝑃𝐷𝑃2  × 𝑡𝑖,𝑃2  × 𝐴𝑏𝑒𝑎𝑚,𝑃2 = 𝐸𝑠𝑝,𝑃2 (3-1) 
Considering the FLMIP, the point P1 has higher PD and significantly lower ti when 
compared to point P2, for the same Abeam (equation 3-2). In terms of system 
parameters the point P1 was obtained with higher P and TS. This means that even 
with a lower ti (or higher TS), the temperature generated by the higher PD is enough 
to produce the same IMC layer thickness. Therefore, using lower PD values it is 
possible to work in a larger range of ti and keep the IMC layer thickness low.  
{
 
 
𝐸𝑠𝑝,𝑃1 < 𝐸𝑠𝑝,𝑃2
𝐴𝑏𝑒𝑎𝑚,𝑃1 = 𝐴𝑏𝑒𝑎𝑚,𝑃2 = 𝐴𝑏𝑒𝑎𝑚
𝑃𝐷𝑃1 > 𝑃𝐷𝑃2
𝑡𝑖,𝑃1 ≪ 𝑡𝑖,𝑃2
 (3-2) 
The other important point is the acceleration of the IMC layer formation with increased 
PD values. Considering P1 and P3 (highlighted points in Figure 3-7 as an example, 
such that Esp,P1 = Esp,P3 which can be written as shown in equation 3-3.  
𝐸𝑠𝑝,𝑃1 = 𝑃𝐷𝑃1  × 𝑡𝑖,𝑃1  × 𝐴𝑏𝑒𝑎𝑚,𝑃1 = 𝑃𝐷𝑃3  × 𝑡𝑖,𝑃3  × 𝐴𝑏𝑒𝑎𝑚,𝑃3 = 𝐸𝑠𝑝,𝑃3 (3-3) 
From this equation and taking into account the individual FLMIP, the following relation 
can be derived (equation 3-4): 
{
 
 
𝐸𝑠𝑝,𝑃1 = 𝐸𝑠𝑝,𝑃3
𝐴𝑏𝑒𝑎𝑚,𝑃1 = 𝐴𝑏𝑒𝑎𝑚,𝑃3 = 𝐴𝑏𝑒𝑎𝑚
𝑃𝐷𝑃1 > 𝑃𝐷𝑃3
𝑡𝑖,𝑃1 < 𝑡𝑖,𝑃3
 (3-4) 
This equation shows again that for the same energy level and similar Dbeam, the effect 
of using higher PD values is more important than the reduction on ti on the growth of 
the IMC layer. This is even more evident when higher energy values are used. Thus, 
the temperature seems to play a more important role than the time on the Fe-Al 
reaction. According to the Fick’s law for diffusion the temperature is the factor which 
most influences the diffusion coefficient and consequently, the diffusion rate (Callister, 
2006). Therefore, it can be said with reasonable certainty that a thermal cycle with 
higher peak temperature would produce thicker IMC layer when compared to a longer 
thermal cycle but with lower peak temperature.  
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The IMC layer thickness, as observed from the experiments, ranges from 4 µm to 21 
μm. According to (Schubert et al., 1997) IMC layer thickness of up to 10 μm has been 
considered not harmful to obtain a sound joint. 
The results of the mechanical tests are represented in Figure 3-8 along with the 
evolution of the IMC layer thickness which has been previously analysed.  
 
Figure 3-8: Correlation between specific point energy, mechanical strength and IMC 
layer thickness. 
In both power densities (30.1 and 37.7 MW.m-2) the mechanical shear tests showed 
similar strengths (although having a slight increase with Esp) in all the experiments 
performed, even with the increase of IMC layer thickness. It can be explained by the 
fact that increasing the Esp results in an increase in wetting area because of the longer 
thermal cycle (Figure 3-9 shows the increasing of wetting area on steel side when the 
ti and Esp are increased). In the experimental region, initially the strength response is 
positive with increase in Esp as higher wetted area has better impact on the joint 
strength than the adverse impact due to thicker IMC layer. The mechanical strength 
quickly reached a plateau and a decrease in strength is likely as further IMC layer 
growth would outweigh the advantage of higher wetting area. This shows that the 
mechanical strength is not linearly dependent of bonding area but it is also dependent 
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of the IMC layer thickness. The failure was always observed at the Fe-Al interface and 
the maximum shear load bearing of approximately 30 kN (Figure 3-8). 
 
Figure 3-9: Pictures of the Al-Fe interface after interfacial failure on the mechanical 
shear test.  (a) PD = 30.1 MW.m-2; ti = 3.9 s; Esp = 15.6 kJ; (b) PD = 30.1 MW.m-2; ti = 2.6 
s; Esp = 10.4 kJ. 
  Summary 
Laser welding has the capability of limiting the microstructural damage due to IMC 
formation as it allows aluminium to melt and wet the steel surface. Here it is worth 
noting that Al has some limited solid solubility in Fe, while Fe does not have any 
solubility in Al. Also diffusion is restricted when steel is in solid state and wetted by 
aluminium as compared to when both the alloys are in liquid state. The main 
conclusions are as follows; 
 The study of the influence of the fundamental material interaction parameters 
on the IMC layer growth revealed exponential growth of IMC layer with Esp. 
Powder density (PD) plays a vital role in determination of the IMC layer 
thickness and application of similar laser spot energy may result in thicker IMC 
formation for higher power density. 
 In the current experimental situation, IMC layer thicknesses were observed to 
vary between 4 – 22 µm. The thickness data showed high quality welds in 
possible to manufacture using this route as IMC layer thickness below 10 µm 
is often referred to as an acceptable standard.  
Parent metal 
Fracture surface 
Fracture surface 
Parent metal 
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 The microstructure analysis showed the composite IMC layer was composed 
of a needle shaped FeAl3 on the Al side and a tongue shaped Fe2Al5 on steel 
side. The Fe2Al5 was much thicker as compared to FeAl3. 
 The tensile shear load on breakage observed to vary between 21.4 to 31.3 kN. 
All the samples exhibited interfacial failure in tensile shear testing.  
 An initial increase in mechanical strength with specific point energy has been 
observed which can be attributed to the increase in wetting area with the 
increase in specific point energy. Although an increase in IMC layer thickness 
has also been observed in this range it seems the advantage owing to increase 
in wetting area outweighs the adverse impact from the increase in IMC layer 
thickness. 
In the next chapter a more in-depth analysis of the effect of the fundamental laser 
material interaction parameters on the IMC layer growth and on the strength will be 
carried out. The effect of each one of the fundamental laser material interaction 
parameters will be evaluated independently and the laser beam diameter will also be 
changed.  
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4.0 Investigation of the IMC layer growth with the 
fundamental laser material interaction parameters and 
different beam diameters 
 Introduction 
In the previous sections the experiments were aimed towards the identification of the 
window of welding parameters for a unique laser beam diameter and the 
characterisation of the IMC constituent of the IMC layer and a correlation was found 
between the process energy with the IMC layer thickness and the joint strength. The 
main goal of the present chapter is to determine the importance and effect of each 
individual fundamental laser material interaction parameter (power density, interaction 
time and specific point energy) for different sizes of beam diameter on the growth of 
the IMC layer and the consequent influence on the mechanical properties of the 
dissimilar metal joint. 
 Experimental procedure 
 Materials 
The materials used in the experiments were 2 mm thick plates of XF350 high strength 
low alloy steel and 6 mm thick plates of 5083 H22 aluminium. The chemical 
composition and mechanical properties of the materials are depicted in section 2.2, 
Table 2-1 and Table 2-2, respectively.  
 Laser welding 
The welds were produced in a lap-joint configuration with steel positioned on top of 
aluminium. The joint dimensions and experimental setup are depicted in section 2.3. 
The window of parameters used in the experimental work is given in Table 4-1, for 
both, system parameters and FLMIP. These parameters are present in greater 
detailed in Table B-1 in Appendix B. The FLMIP are calculated using the system 
parameters as shown in section 1.8.1.1 of this paper (equations 1-5 to 1-7).  
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Table 4-1: System and fundamental material interaction parameters range. 
System parameters 
Fundamental laser material interaction 
parameters 
Beam 
diameter,          
Dbeam, mm 
Power,                            
P, kW 
Travel 
speed,               
TS, m.min-1 
Power 
density,              
PD, MW.m-2 
Interaction 
time, ti, s 
Specific 
point energy,  
Esp, kJ 
9.28 – 14.85 2.55 – 6.52 0.19 – 0.43 28.9 – 73.9 1.29 – 3.35 5.67 – 14.52 
 Strategy applied to assess the effect of the FLMIP on the Fe-Al IMC 
layer growth 
The study of the effect of the FLMIP on the IMC layer growth permits a better 
understanding of the interaction of the laser with the material, since the FLMIP directly 
correlates the energy input to the IMC layer formation. 
This work was based on the mathematical expression of the Esp, which is calculated 
as shown below (see equation 4-1).  
Esp = PD × ti  ×  Abeam (4-1) 
Each term of the Esp equation, i.e. PD, ti and Abeam, was investigated according to 
Figure 4-1, where Esp was varied with only one parameter at a time, while the two 
other were kept constant. 
 
Figure 4-1: Schematic representation of the methodology applied on the present 
study: (Case I) Specific point energy variable with power density, (Case II) Specific 
point energy variable with interaction time and (Case III) Specific point energy variable 
with laser beam diameter. 
All possible combinations are classified from Case I up to Case III. To keep two terms 
constant and vary the other two it is necessary to adjust the system parameters 
accordingly (see Table 4-2). 
 
 
71 
Table 4-2: Summary of the status of the FLMIP and system parameters during the 
welding experiments: V for variable parameters and C for constant parameters. 
  FLMIP  System parameters 
  Esp PD ti Abeam  P TS Dbeam 
Case I  V V C C  V C C 
Case II  V C V C  C V C 
Case III  V C C V  V V V 
For instance in case I, which represents both ti and Abeam constant, to perform the 
experiments, laser power was varied while travel speed and beam diameter were kept 
constant. Esp was then a function of P. 
For case II where Esp is variable with ti, Esp is only dependent on TS.  
In case III, Esp is variable with Abeam and for PD to be constant, P needs to change in 
the same proportion as Abeam so that the ratio remains constant. As ti is also constant 
in this case, TS needs to vary in the same proportion of Dbeam so that the ratio between 
these two system parameters remains constant. Thus, for the welding experiments 
with Esp variable with Abeam (case III) all the system parameters (P, TS and Dbeam) need 
to be varied simultaneously. 
 
 Metallurgical and mechanical characterization 
The experimental error of the welding process was calculated based on two samples 
welded under similar conditions. Then, the welded specimens were machined to take 
three samples from each weld – one for mechanical test and the other two for 
microanalysis, as described in section 2.3.4. 
The microstructural analysis was based on optical microscopy and scanning electron 
microscopy. The important features of the joints were the fusion zone geometry and 
dimension of the steel and aluminium and the IMC layer thickness. More details are 
present in section 2.3.4 
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The microhardness was also measured on the steel, aluminium and IMC layer, as 
described in section 2.3.5. 
The mechanical strength of the joints was quantified by tensile-shear test according to 
the procedure described in section 2.3.6. 
 Results and Discussion 
 Weld seam geometry and Fe-Al IMC layer characterization 
The macrosections of the samples were analysed to verify not only the presence of 
defects such as porosity or cracking, but also to ensure that the steel on the interface 
remained in solid state during the joining process. Figure 4-2a shows a macrograph 
of one of the samples where the fusion zones in the steel and aluminium plates are 
visible and no defects are detected. It was observed that the welding process was in 
conduction mode due to the small depth to width ratio of the fusion zone. The IMC 
layer formed between the steel and aluminium plates is usually continuous and thicker 
in the centre of the weld. The optical micrograph shown in Figure 4-2b indicates that 
the IMC layer formed between the steel and aluminium plates is composed of two 
IMCs. Further analysis using SEM/EDS was done in previous experiments to obtain 
the chemical composition of these two layers. The results showed that the most 
developed layer near the steel side is Fe2Al5 whereas the thinner layer, near the 
aluminium is FeAl3.  
 
Figure 4-2: Results from the metallographic analysis: (a) Macrograph of the Fe-Al 
dissimilar metal joint and (b) micrograph. 
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Figure 4-3 shows the EDS mapping with the spatial distribution of the elements of Fe, 
Al and Mg. The IMC layer corresponds to the high density horizontal band at the centre 
of the image where both Fe and Al elements are present. 
 
Figure 4-3: EDS mapping showing the spatial distribution of the main constituent 
elements of the samples: Fe, Al and Mg. 
 Effect of the FLMIP on the IMC layer growth 
The correlation between the IMC layer thickness and Esp is represented in the next 
three graphs. Each graph shows the evolution of the IMC layer growth when the Esp 
increases either when PD (Figure 4-4), ti (Figure 4-5) or even the Abeam (Figure 4-6) 
increases. 
 
 
 
 
 
 
 
 
 
 
74 
• Case I – Esp is variable with PD (ti and Abeam remain constant), (Figure 4-4) 
 
Figure 4-4: (a) Correlation between IMC layer thickness and Esp (via PD), (b) 
schematic representation of the effect of increasing PD on the geometry of the weld 
and (c) macroscopic cross-sectional view of the welded samples. 
Figure 4-4a shows that the increase of Esp by PD induces a near linear growth of the 
IMC layer. One possible reason for this behaviour may be explained by the geometry 
of the weld (Figure 4-4b-c). The penetration depth visible on steel or aluminium plates 
can give an indication about the temperature experienced at the joint interface. In other 
words, when a deeper fusion zone is formed during the welding process with higher 
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PD, the temperature at the Fe-Al interface is higher. Therefore, a deeper fusion zone 
is usually associated with a thicker IMC layer. 
 Case II – Esp is variable with ti (PD and Abeam are constant), (Figure 4-5) 
 
Figure 4-5: Correlation between Esp (via ti) and IMC layer thickness. Esp was varied by 
changing the ti. 
Under this welding condition, with Esp varying in function of the ti, the growth of the 
IMC layer has also linear trend but with a less steeper slope. The reason for this seems 
to be as shown in the work produced by Shigeaki Kobayashi et al (Kobayashi and 
Yakou, 2002). The growth of the IMC layer is fast in the first stage of the formation but 
after certain thickness the growth becomes sluggish. This is apparently due to the lack 
of Fe atoms available for the reaction with Al to produce Fe2Al5. The author also 
reported that when the Fe2Al5 layer stops growing and if the temperature is high 
enough, the IMC layer already formed is consumed to form another IMC. It is relevant 
to say that the ti (or heating time) in laser welding is much smaller than the one used 
in Kobayashi’s work and therefore, in the present work there is only limited time for the 
Fe2Al5 and FeAl3 to grow and not to transform to any other Fe-Al IMC. 
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 Case III – Esp is variable with Abeam (PD and ti are constant), (Figure 4-6) 
 
Figure 4-6: (a) Correlation between IMC layer thickness and Esp (via Abeam), (b) 
schematic representation of the effect of increasing Abeam on the geometry of the weld 
and (c) macroscopic cross-section view of the welded samples. 
The graph in Figure 4-6a indicates that when Esp increases via Abeam the IMC layer 
also grows. The weld geometry can be used once again to explain this trend (see 
Figure 4-6b-c). The fusion zone on the steel and Al plates is deeper when a larger 
laser beam is used which means that the temperature on the Fe-Al interface (where 
the formation of the IMC layer takes place) is higher. 
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According to Assuncao (Assuncao, 2012), the Dbeam plays an important role on the 
penetration depth. The author suggests that for particular welding conditions (which 
seem to be met in this experimental work since large Dbeam and very slow TS are used) 
the penetration depth increases when Dbeam increases (see Figure 4-6b-c). In this 
situation, the larger Dbeam induces a smaller PD but the weld depth still increases. The 
reason for this is attributed to the temperature of the substrate that remains constant 
at the vaporization temperature with the increase of the Dbeam creating a larger volume 
of molten metal. However, there is a point called optimum Dbeam which gives the 
maximum penetration depth from which, the further increase of the Dbeam has the 
opposite effect on the penetration depth. From this point the temperature on the 
material surface is lower than the vaporization temperature and the decrease of the 
PD with the increase of the Dbeam doesn’t permit the increase in penetration depth. 
Since in the present work (in case III) PD was maintained constant (P was adjusted in 
the same proportion as Abeam in order to keep PD constant), it is likely that the critical 
point was never reached and the penetration depth was always increased. 
In general, the increase of the Esp leads to the growth of the IMC layer, independent 
of the fact that whether it is through increase of PD, ti or Abeam (see comparison in 
Figure 4-7a). However, if one considers the Esp ranging between 10 to 13 kJ, the IMC 
layer thickness shows a relatively slower rate of increase with ti which implies that the 
diffusion is sluggish in this region (the already formed IMC layer prevent further inter-
diffusion of atoms and the growth becomes sluggish). This phenomenon is explained 
in detail in Figure 4-7, where four points in two different levels of Esp were considered.  
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Figure 4-7: (a) Comparison of the correlation between Esp (via PD, ti and Abeam) and 
IMC layer thickness, (b) details of the highlighted points. 
For a lower energy level, around 10.5 kJ (points I and II), the increase in PD results in 
more melting of the aluminium and thereby, create a larger bonding area (the variation 
in fusion zone width is near 1 mm), and the ti is long enough to permit the wetting 
process. At a higher energy level, of about 13 kJ (points III and IV), PD doesn’t 
contribute towards increase in bond area. This could be attributed to the fact that over 
a certain energy level and PD, the heat flux reduces and there is no further increase 
of temperature. The additional energy is then solely used towards maintaining the 
temperature at a higher level for longer time and thus helps in progressing diffusion 
which will increase the IMC layer thickness. Similarly, over a certain energy level and 
PD, if ti is too long, the additional energy is used to feed the reaction between Fe and 
Al and the IMC layer growth becomes thicker. In summary, when the energy and PD 
is less than a critical value, the wetting of steel by molten aluminium is insufficient, as 
illustrated by point II and, ti doesn’t have a significant effect on the IMC layer growth 
and even though PD does, as illustrated by point I, the larger bonding area formed 
balances the presence of the IMC. On the other hand, over a critical energy and PD 
level, increasing the ti can become extremely detrimental to the joint strength as shown 
by point III. 
Point id Esp, kJ PD, 
MW.m-2 
ti, s IMC layer 
thickness, µm 
Tensile-shear 
strength, N.mm-1 
Bonding width, 
mm 
I 10.54 37.7 2.11 22 498 9.68 
II 10.54 33.6 2.36 14 107 8.86 
III 13.00 37.7 2.60 29 83 10.78 
IV 13.00 41.4 2.36 23 478 10.88 
 
(a) 
(b) 
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 Mechanical tensile shear strength 
The results of the mechanical tensile shear strength tests are plotted in the graphs 
illustrated in Figure 4-8. The tensile shear strength obtained by dividing the tensile 
load by the cross-welded specimen width (or, weld length) was found to be in the range 
between 83 and 575 N.mm-1 (equivalent to 4 and 30 kN). 
 
Figure 4-8: Correlation between Esp (via PD, ti and Abeam) and tensile shear strength. 
Even though during the mechanical test the failure of all samples was always located 
at the Fe-Al interface, the specimen experienced some plastic deformation. Figure 4-9 
shows the curve of strain versus tensile shear strength of the specimen with maximum 
tensile load registered (the FLMIP used to weld this sample are mentioned below). 
This joint had less than 0.7% of total elongation which is similar to that of the glass 
(near 0.5% of elongation).   
The IMCs formed between the Fe and Al are known for their brittleness (1200 HV0.025/10 
was the micro-hardness measured on the Fe2Al5 IMC layer) and so this layer should 
be kept to a minimum thickness for better structural integrity. However, the results of 
the mechanical tensile shear strength tests indicate that mechanical strength and IMC 
layer thickness couldn’t be directly correlated. In other words, the mechanical strength 
doesn’t increase as the IMC layer becomes thinner. This may be explained by the fact 
that when the welding conditions induce the formation of a thicker IMC layer, the 
wetting area of the Al on the Fe surface also increases, which contributes to a stronger 
joint. Due to these opposing facts, the maximum strength of the specimens produced 
under different joining conditions seems to be of a constant level.  
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Figure 4-9: Tensile shear strength versus strain for the specimen with highest 
strength. The FLMIP used were Esp = 11.82 kJ, PD = 37.7 MW.m-2, ti = 2.36 s and Abeam = 
1.33 cm2. 
The strength of the dissimilar metal joints for automotive applications has been 
correlated with the IMC layer thickness by many authors who have determined the 
optimum thickness range to be up to 10 µm (Ozaki and Kutsuna, 2009; Schubert et 
al., 1997). Figure 4-10 shows that the highest mechanical strength of the specimens 
is when the IMC layer thickness is in the range between 18 – 27 µm. Even though in 
the present work only few samples had IMC layer thickness less than 15 µm, it seems 
that the optimum thickness for the IMC layer is not any unique value. Moreover, the 
mechanical strength is not only dependent on the IMC layer thickness but also 
dependent on the area of contact between the two plates resultant from the joining 
process. This may be the reason for the presence of the two points with the lowest 
strength in Figure 4-10. For the minimum value of IMC layer thickness (about 15 µm), 
the area of contact is small to produce a strong joint. On the other hand, when there 
is a large area of contact between the two metals, the IMC layer is very thick (about 
30 µm) and the joint is brittle. In this situation the brittleness of the IMC layer is more 
damaging than the increased contact area resulting from the better wetting between 
the two surfaces. Mathieu et al. have also suggested that the weld geometry has a 
significant effect on the joint strength, after some samples with IMC layer thickness 
lower than 10 µm had failed on the Fe-Al interface (Mathieu et al., 2007). 
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Figure 4-10: Dependency of tensile shear strength with the IMC layer thickness. 
It is interesting to compare the mechanical strength of the samples prepared in this 
experimental work with the strength obtained by other researchers. The maximum 
mechanical strength measured in this work is similar to the other authors who had their 
samples failing on the parent material and thus, having successful joints. However, 
those results are for thin sheets (about 1 mm thick) whereas in the present work the 
aluminium and steel plates are 6 and 2 mm thick, respectively. The interfacial failure 
of the specimens is possibly related with the lap joint configuration and the material 
thickness. During the mechanical tensile shear test the lap joint experiences a complex 
state of stresses, with both shear and bending stresses acting on the joint, because 
the specimen is not symmetric to the loading. This is observed in the specimens with 
higher mechanical strength which were bent after the tensile shear test, showing the 
rotation experienced during the mechanical test (Figure 4-11). 
 
Figure 4-11: Detail of the rotation effect caused during the mechanical tensile shear 
test performed on the lap joint specimen and schematic representation of this effect. 
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Miyazaki et at. (Ref 15) have developed a model to qualitatively predict the position of 
failure of lap welded steel specimens in tensile shear test i.e. whether the failure would 
be from the base metal, near the base metal or at the weld metal. The equations of 
the model take into account the rotation experienced during the tensile test and 
consider the specimen width and thickness as variables. The weld width and length 
are the other variables.  The model predicts that when the dimension of the weld metal 
width is constant, with increasing thickness the probability of failure from weld metal 
increases. Therefore, apart from the fact that more energy is required in the joining 
process of thick plates, which enhances the formation of the IMC compounds, it is 
apparent that a complex loading spectrum due to non-axisymmetric loading would also 
result in interfacial failure. 
 Summary 
In this work the Fe-Al intermetallic layer growth is correlated with the laser welding 
process via the fundamental laser material interaction parameters – power density, 
interaction time and specific point energy. The best laser welding joining condition to 
minimize the intermetallic layer formation is also discussed. The results of this study 
indicate: 
 Using low energy level, the interaction time doesn’t have a significant effect on the 
IMC layer growth and even though power density does, the larger bonding area 
formed balances the presence of the IMC compounds. On the other hand, for 
higher energy, interaction time becomes more detrimental to the joint than power 
density; 
 To maximize the joint strength, the power density should be over a threshold value, 
which in the experimental domain was found to be about 37.7 MWcm-2, to enhance 
the melting of the aluminium and thus, create a large bonding area. Optimisation 
of interaction time is important as additional interaction would lead to further 
diffusion and IMC growth. In the experimental regime, the optimised interaction 
time was found to be about 2.11 s; 
 The rotational force applied on the lap joint of 6 mm and 2 mm plates during the 
mechanical tensile shear test could be responsible for the interfacial failure of the 
joint, even when a very thin intermetallic layer is present. Therefore, this joining 
configuration could have better results in thinner plates. 
 
 
83 
In the next chapter a thermal model to predict the thermal cycle at the Fe-Al interface 
where the IMC layer grows is presented. With this it is possible to correlate the results 
previously presented with the thermal cycle and understand how the interaction of the 
laser with the material occurs for different welding conditions. 
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5.0 Laser welding of steel to aluminium: Thermal 
modelling and joint strength analysis 
 Introduction 
The aim of this work is to understand how the IMCs and bond area affect the 
mechanical strength of the joints and how temperature and time affect these two 
parameters individually. A finite element (FE) thermal model of the laser conduction 
welding of steel to aluminium in a lap joint configuration was developed to predict the 
transient thermal cycle at the Fe-Al interface and the interfacial wetting for different 
levels of applied energy. The time-temperature profiles were then correlated to the 
weld geometry, IMC layer thickness and mechanical strength. In this process energy 
was varied by changing the power density and interaction time.  
 Materials and methodology 
 Materials 
The materials used in the experiments were 2 mm thick XF350 high strength low alloy 
steel and 6 mm thick 5083 H22 aluminium. The chemical composition and mechanical 
properties of the materials are depicted in section 2.2, Table 2-1 and Table 2-2, 
respectively.  
 Laser welding 
The joints were produced in a lap configuration, with steel positioned on the top of 
aluminium, as shown in section 2.3. The range of laser system parameters and 
fundamental laser material interaction parameters (FLMIP) is given in Table 5-1. The 
working envelop is very narrow due to the joint configuration in use and the restriction 
that the steel near the joint interface must remain solid during the joining process. For 
this reason the welding parameters needed to be controlled to have only partial melting 
on the 2 mm thick steel plate.   
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Table 5-1: System and fundamental material interaction parameters range. 
System parameters 
Fundamental laser material interaction 
parameters 
Beam 
diameter,          
Dbeam, mm 
Power,                            
P, kW 
Travel speed,               
TS, m.min-1 
Power 
density,              
PD, MW.m-2 
Interaction 
time,              
ti, s 
Specific point 
energy,         
Esp, kJ 
13.0 4.46 – 5.57 0.30 – 0.40 33.60 – 41.96 1.95 – 2.60 9.75 – 13.00 
The specific point energy was varied either by changing the power density or the 
interaction time (see Figure 5-1). In turn, with laser beam diameter constant, the power 
density and interaction time varied with laser power and travel speed, respectively. 
The thermal cycle that results from the interaction of the laser with the material defines 
the bonding area created between the steel and the aluminium and the IMC layer 
thickness.  
 
Figure 5-1: Schematic representation of the methodology used in the welding 
experiments to assess the importance of the FLMIP on the thermal profile and 
consequently on the weld geometry and IMC formation. 
Similar methodology has been previously used by Meco et al. where the individual 
effect of power density, interaction time, laser beam diameter and specific point energy 
on the IMC layer growth and bond area was investigated (Meco et al., 2014). 
Specific point energy 
Power density 
(Variable) 
Interaction time 
(Constant) 
Power density 
(Constant) 
Interaction time 
(Variable) 
Laser beam area 
(Constant) 
Laser beam area 
(Constant) 
& 
& 
& 
& 
Thermal cycle 
 
 Steel 
Aluminium 
Fe-Al 
interface 
 
 
87 
 Metallographic and mechanical strength characterization 
The microstructural analysis was based on optical microscopy and scanning electron 
microscopy. The important features of the joints were the fusion zone geometry and 
dimension of the steel and aluminium and the IMC layer thickness. More details are 
present in section 2.3.4 
The mechanical strength of the joints was quantified by tensile-shear test according to 
the procedure described in section 2.3.6. 
 Finite Element thermal model 
FE models simulate the heat distribution produced by the laser welding process on the 
Fe-Al lap joints. The thermal cycles were calculated for the welding conditions 
indicated in Table 4-1. The aluminium 5083 and mild steel thermal properties were 
according to Kim et al. (Kim et al., 2010) and Cozzolino et al. (Cozzolino, 2013), 
respectively. These models are steady state heat transfer analyses, therefore the 
length of the modelled plates was assumed infinitely long to capture the entire heat 
cycle.  
The type and number of elements and nodes is shown in Table 5-2. 
Table 5-2: Elements, nodes, and elements types used in the model. 
Part Abaqus element type Number of elements Number of nodes 
Al Plate DCC3D8 438084 479960 
Fe Plate DCC3D8 146028 184600 
Fe Shim DCC3D8 41884 53960 
Al Shim DCC3D8 125652 140296 
The aluminium and mild steel plates were overlapped by 46 mm with the mild steel 
above the aluminium, as shown in Figure 5-2. The additional tooling plates used to 
ensure a flat surface for clamping were simulated to include the thermal losses in those 
components. The aluminium and steel tooling plates were 6 mm and 2 mm thick, 
respectively. The laser heat source was simulated as a Gaussian surface distribution. 
It was applied on the steel plate and the spot size was 13 mm. 
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Figure 5-2: Schematic representation of the transverse section of the weldment 
arrangement, including steel and aluminium shims, and copper backing-bar. (a) 
General view and (b) magnified view of the red rectangle shown in Figure 5-2(a). 
In this model, the thermal losses into the surroundings were taken into account by 
applying constant convection (10 W m-2 ºC-1) and radiation (0.8 emissivity) from the 
outer surfaces. In the experiments, the plates were placed on a metallic backing 
support during welding. This backing support was composed of an aluminium plate 
and a copper backing-bar positioned under the weld. The copper backing-bar had a 
square section with 46 mm in each side and a groove of 14 mm wide in the middle of 
the contact surface with the aluminium plate, as shown in Figure 5-2. The thermal 
losses into the backing support were modelled by applying forced convection with 
different convection coefficients. The top bars of the clamping system were insulated 
with a fibreglass insulation strip to make the heat loss from the top surface of the 
material negligible. 
The thermal contact conductance between the tooling plates and the substrates was 
taken into account (25×104 W m-2 ºC-1), as well as in the welding region (30×104 W m-
2 ºC-1). To simplify the model the thermal conductance was considered constant even 
though in the weld region it should be time dependent. It should increase when the 
aluminium becomes liquid and decrease when the IMC layer grows as this has a very 
low conductivity. These parameters were determined by iterative recalculation of the 
model and comparison of the thermal profiles with the experimental results (cooling 
rates to determine the thermal losses and the temperature rise to determine the 
(a) 
(b) 
Steel plate Steel insert 
Aluminium insert Aluminium plate   
Copper bar 
14 mm wide groove 
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absorbed energy). The pressure of the clamps in the experiments was kept consistent 
in all the samples by using a torque wrench to tighten the bolts. Therefore, the thermal 
conductance was considered pressure independent. 
 Results and discussion 
 Process modelling and experimental validation  
At the point where the samples were taken the process was already in steady state 
condition because the weld seam was uniform and the weld profiles at the cross-
sections A and B were similar, as shown in Figure 5-3. 
 
Figure 5-3: Laser welding of steel to aluminium in steady state condition. (a) Top view 
of the welded joint showing a uniform weld seam and (b) cross-sections A-A’ and B-B’ 
showing similar weld geometries. 
For calibration of the model several experiments were carried out with different 
interaction time and power density values. K-type thermocouples were attached to the 
surface of the specimens at different positions to measure the thermal cycle during 
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welding. Figure 5-4 shows schematically the position of the thermocouples where the 
temperature was measured. 
 
Figure 5-4: Schematic representation of the instrumented Fe-Al lap joint used to 
measure the thermal profiles showing the positions of the thermocouples. 
The thermal profiles calculated by the FEM at different positions are in good 
agreement with the experimentally measured values (see Figure 5-5).  
 
Figure 5-5: Comparison between experimental and calculated thermal cycles at 
different distances from the weld seam (P = 5.0 kW, TS = 0.35 m.min-1, Dbeam = 13 mm). 
At three different positions on the sample, the peak temperature and the heating phase 
from the model match the experimental data. The cooling phase has a small deviation 
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mainly below 150 ºC which is acceptable because at this magnitude of temperature 
the weld width and the IMC growth are not affected. The heating phase and peak 
temperature in the model are related to the characteristics of the heat source, whereas 
the cooling phase is associated to the cooling conditions specified in the model. The 
deviation is due to the complexity of this setup. The cooling conditions need to take 
into account the material properties, contact between the steel and aluminium plates 
and the plates and the clamping system. The formation and growth of IMC layer may 
also play a role in the cooling of the material because during the joining process this 
layer grows and the heat conduction between both plates may change.  
The aluminium weld width which defines the bonding area was also calculated by the 
model. For this, the area enclosed by the isotherm represented on the aluminium plate 
with temperature higher than the aluminium melting point was considered (see Figure 
5-6a-c). These figures show how the model compare to the experimental data. The 
isotherm line indicated on the picture from the model represents the liquidus 
temperature of the aluminium. The fusion zones of the three welds produced using 
different interaction times and constant power density are very similar to the ones 
represented by the model. Figure 5-6b shows how the weld width estimated by the 
model compares to the experimental data. The data from the model shows an offset 
of -1.4 mm in relation to the experimental data. However, the growth of the weld width 
follows a similar trend (the slope is near 1) of that of the experimental data. 
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Figure 5-6: Comparison between the experimental and the FE results: (a) macrograph 
vs thermal profile and (b) experimental weld width vs weld width calculated by FEA.  
 Power density and interaction time vs time and temperature 
The peak temperature and molten time calculated by FEA were analysed separately 
for different levels of power density and interaction time. According to graphs in Figure 
5-7a and Figure 5-7b, both interaction time and power density have direct influence 
on the maximum temperature of the thermal cycle. Figure 5-7a shows the evolution of 
the peak temperature as a function of power density for different levels of interaction 
time. On the other hand, Figure 5-7b shows the evolution of the peak temperature as 
a function of interaction time for different levels of power density. Compared to the 
interaction time, the power density induces a larger variation of the peak temperature. 
The slope of the trend lines in the graphs also give an indication about the influence 
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of each parameter on the peak temperature. In Figure 5-7a the trend line is steeper 
than that in Figure 5-7b. Since specific point energy is a function of interaction time 
and power density, one could argue that the results could be influenced by the range 
investigated in each parameter. For this reason, the results were also presented as a 
function of process energy. In Figure 5-7c the specific point energy is variable with 
power density and in each series of the graph the interaction time is constant. One 
may observe that within a given range of energy, the peak temperature has a larger 
variation when the power density varies than when interaction time varies. Considering 
the equations of the trend lines, the maximum temperature increases nearly 50 °C/kJ 
with power density and only 13 °C/kJ with interaction time. 
 
Figure 5-7: Maximum temperature calculated by the FEA at the Fe-Al interface and at 
the centre of the weld for different levels of (a) power density, (b) interaction time and 
(c) specific point energy variable with power density (from 33.6 MW.m-2 up to 42.0 
MW.m-2).  
(a) (b) 
(c) 
Esp = PD x ti x Abeam 
Abeam constant 
T
max
 = 13.6 Esp(ti) + 668.3 
Tmax = 50.6 Esp(PD) + 139.4 
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The Design Expert software was used to create the surface plot represented in Figure 
5-8. The 3D graph has a linear regression of power density and interaction time as a 
function of peak temperature calculated at the centre of the weld at the joint interface. 
The red dots correspond to the FEA model run points. Equation 5-1 was obtained from 
the Design Expert software with coded factors to describe the trend of peak 
temperature in function of power density and interaction time over the range of the 
experiments. The coded factors give an indication about the relative weight of each 
individual parameter on the peak temperature and the factors are independent on the 
magnitude of each parameter. In this case, power density has about three times more 
influence on the peak temperature than interaction time. 
 
Figure 5-8: Graphical representation of peak temperature calculated at the centre of 
the weld at the joint interface as a function of interaction time and power density. 
A similar approach was used to correlate the fundamental material interaction 
parameters with the molten time (time corresponding to the temperature at Fe-Al 
interface higher than 570 °C, which is the aluminium melting temperature). The graphs 
in Figure 5-9a and b show that a longer melting time results from either higher power 
density or longer interaction time. Opposed to the peak temperature, power density 
and interaction time have a similar effect on the molten time. The slope of the trend 
lines is similar in Figure 5-9a and b. In terms of process energy, Figure 5-9c shows 
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that the time in molten state is directly proportional to specific point energy for any 
value of the power density or interaction time. Within a range of energy, the molten 
time increases 0.21 s/kJ with power density and 0.25 s/kJ with interaction time. 
 
Figure 5-9: Molten time calculated by the FEA at the Fe-Al interface and at the centre 
of the weld for different levels of (a) power density, (b) interaction time and (c) specific 
point energy variable with power density (from 33.6 MW.m-2 up to 42.0 MW.m-2). 
The surface plot represented in Figure 5-10 is a linear regression of power density and 
interaction time as a function of molten time. The red dots correspond to the FEA 
model run points. 
(a) (b) 
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Figure 5-10: Graphical representation of molten time (considering temperature at Fe-
Al interface higher than 570 °C corresponding to aluminium in liquid state) as a 
function of interaction time and power density. 
The coded factors in equation 5-2 for power density and interaction time are similar, 
0.32 and 0.34 respectively. Once again this confirms that these two parameters have 
identical effect on the molten time. The effect of the interaction time on the molten time 
is clear, a longer interaction time allows the material to be in liquid state for a longer 
period of time. On the other hand, the effect of the power density is associated to the 
inter-dependency of temperature and time. This means that for a higher peak 
temperature there is a longer time in which the metal is above its melting temperature. 
As shown in Figure 5-7, the peak temperature is highly dependent on power density, 
therefore a longer molten time is expected when power density increases.  
 IMC layer thickness and weld width vs Joint strength 
The cross-section of a laser welded sample is shown in Figure 5-11a. The geometry 
of the fusion zone on the steel plate is a characteristic of the welds made in conduction 
mode. The macrograph also shows that the depth of penetration on the steel plate 
was less than half thickness (about 1 mm) and for this reason during joining there was 
no mixing of molten aluminium with molten steel. The IMC layer resulting from the 
reaction between atoms of Fe and Al is located between the steel and the aluminium 
plates, as shown in Figure 5-11b. The bonding area between steel and aluminium is 
given by the width of the aluminium fusion zone, as indicated in Figure 5-11a. Since 
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the weld length, or second dimension, is equal in all samples this dimension was 
disregarded.  
 
Figure 5-11: Cross-sectional view of the laser welded Fe-Al joint: (a) macrograph and 
(b) micrograph. 
It is known that the thermal field resultant from the interaction of the laser with the 
material defines the dimension of the weld width and the IMC layer and the integrity of 
the joints is dependent of these two factors. However, when the thermal field is not 
known, the only way to correlate the welding process with the characteristics of the 
joints is by the process parameters. The graphs in Figure 5-12a-b show how the IMC 
layer thickness and the weld width evolved with specific point energy, within the range 
of the experiments with either power density (I) or interaction time (II) variable. As the 
energy of the process increases either by power density or interaction time, the IMC 
layer becomes thicker and the fusion zone of the aluminium becomes wider. This 
explains the non-linear behaviour of the mechanical strength of the joints with the 
specific point energy, which is represented in Figure 5-12c. This graph shows that the 
joints have minimum strength when the process energy is either minimum or 
maximum. Figure 5-13a-b show how the mechanical strength of the Fe-Al welded 
joints varies with the IMC layer thickness and the weld width formed during different 
welding conditions, respectively. Both graphs have similar trend, the mechanical 
strength is maximum only when the weld width and IMC layer have intermediate 
values. The thermal field during the welding process with high levels of energy induced 
the growth of the weld width and the IMC layer thickness simultaneously and these 
two parameters have opposite effects on the mechanical strength of the joints. When 
the weld width is large the IMC layer is very thick but when the IMC layer is thin the 
(a) (b) 
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bonding area is very small. Therefore, only for intermediate values it is possible to a 
relative high strength. 
One would expect the mechanical strength of the joint to have a linear dependence 
with bonding area, however, in dissimilar metal joining an additional parameter must 
be taken into account, the IMC layer formed at the joint interface. 
 
Figure 5-12: Graphical representation of (a) IMC layer thickness, (b) weld width and (c) 
tensile shear strength as a function of specific point energy variable with (I) power 
density and (II) interaction time. 
 
(a) 
(b) 
(c) 
(I) (II) 
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Figure 5-13: Correlation between maximum tensile-shear strength and (a) IMC layer 
thickness and (b) weld width. 
 IMC layer thickness and weld width vs temperature and time 
The results from the thermal model explain why the weld width and IMC layer thickness 
vary with specific point energy (see Figure 5-14 where Figure 5-14a-b were 
reproduced from Figure 5-12a-b). It is clearly seen in Figure 5-14c-d that the thermal 
field within the experimental range is linearly proportional to the specific point energy. 
The maximum weld width and IMC layer thickness formed on samples welded with 
high level of energy (indicated in Figure 5-14a–b) are due to the maximum peak 
temperature and the molten time calculated at the centre of the weld at the joint 
interface. At the joint interface and within the experimental range with energy varying 
with power density, the temperature of the molten aluminium ranged between 700 and 
850 °C. When the energy varied with interaction time, the range of temperature was 
from 750 up to 800 °C. In terms of time, the model estimated that independent of the 
way the energy was varied the aluminium remained in liquid state between 1.3 and 
2.0 s. 
(a) (b) 
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Figure 5-14: Graphical representation of (a) IMC layer thickness, (b) weld width, (c) 
peak temperature and (d) molten time as a function of specific point energy variable 
with (I) power density and (II) interaction time. 
The effect of temperature and time on the IMC layer thickness and weld width is 
analysed separately in Figure 5-15 and Figure 5-16, respectively. The results suggest 
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that the IMC layer thickness is more dependent on peak temperature than that of time. 
As the temperature increases with the process energy, the IMC layer becomes thicker. 
This result is in agreement with the results published by other authors, in which the 
experiments were either in equilibrium conditions (Wang et al., 1998) or transient 
conditions (Fan et al., 2011). On the other hand, the molten time seems to not have a 
direct correlation with the IMC layer thickness. For instance, when the molten time is 
about 1.4 s, the IMC layer can be either 15 or 22 µm. Even though the molten time is 
similar, the peak temperature of these two points is different due to the inter-
dependency of temperature and time. This results suggest that within the experimental 
range, the IMC growth is more influenced by temperature than by the time.  
 
Figure 5-15: Correlation between IMC layer thickness and (a) peak temperature and (b) 
molten time. 
Figure 5-16 shows how the weld width calculated by the FEA thermal model varies 
with the thermal profile during laser welding. 
(a) (b) 
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Figure 5-16: Surface plot of weld width as a function of peak temperature and molten 
time. 
Considering the equation produced by the DOE model, it is possible to infer that the 
peak temperature is the parameter which most contributes to the formation of a larger 
bonding area. The peak temperature is about three times more important than molten 
time (see equation 5-3). The temperature field given by the model for different levels 
of power density and interaction time are shown in Figure 5-17.  For a fixed energy 
input, 11 kJ for instance, the aluminium fusion zone is wider when higher power density 
and shorter interaction time is used to produce the joint. 
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Figure 5-17: Temperature distribution on the plane perpendicular to the weld seam for 
different values of power density and interaction time. 
This result corroborates what has been suggested in the previous work where it was 
referred that weld width increases with power density due to the peak temperature 
(Meco et al., 2014). The profile of the laser beam may be a reason for the growth of 
the weld width with power density. If the laser beam has a Gaussian profile, as the 
power density increases the effective size of the laser beam also increases. This effect 
has also been observed in laser cutting where it was found that the kerf width changed 
when increasing the laser power for a constant nominal beam diameter. The authors 
attributed the changes in kerf width to the non-perfect top hat power distribution. As 
the power density increases, the effective beam diameter increases due to the edges 
of the beam profile not being perpendicular. Therefore, by increasing the power, the 
diameter of the beam which exceeds the energy density threshold for melting of the 
material also increases. Then, this results in increasing the width of the weld. With a 
perfect top hat profile this effect would not be seen. 
The results of this work suggests that it is not possible to further improve the 
mechanical strength of the Fe-Al joints by solely controlling the energy of the process. 
The IMC layer and the bonding area are the key factors for the integrity of the Fe-Al 
joints and both evolve in a similar manner with the thermal field, i.e. temperature and 
time. To improve the mechanical strength of the joints by increasing the bonding area, 
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it would be beneficial to increase the power density because this creates a larger weld. 
However, the power density is the parameter which most controls the temperature and 
since the IMC layer seems to be more sensitive to temperature than that to time under 
this welding condition the IMC growth would be also enhanced. An alternative solution 
to increase the bonding area and avoiding the negative effect of the IMCs could be by 
producing parallel weld seams and change the joint geometry.   
 Summary 
It is known that IMC layer thickness and bonding area play an important role on the 
mechanical strength of dissimilar metal joints of steel to aluminium. In this work an FE 
model of the laser process was developed to predict the thermal cycle at the interface 
between the steel and aluminium plates using different laser parameters. The 
influence of the thermal cycle was correlated to the bonding area (via weld width) and 
to the IMC layer thickness and in turn, to the mechanical strength of the joints. 
Conclusions from this work are as follows: 
- Power density is the factor with major significance in the variance of peak 
temperature, about three times more than interaction time; 
- In terms of time in molten state (time correspondent to temperature higher than the 
aluminium melting point), power density and interaction time have similar contribution; 
- Within the range of the experiments, the peak temperature and molten time are 
directly proportional to specific point energy (either via power density or interaction 
time); 
- The strength of the joints increase with bonding area (defined by the width of the 
aluminium weld) and decreases with the IMC layer thickness. Therefore, an 
optimization is vital which would be geometry dependant; 
-  It was not possible to identify a thermal field able to produce simultaneously a large 
bonding area and a thin IMC layer for the optimization of the joint strength. Parallel 
weld seams could be an alternative solution to increase the bonding area without 
increasing the IMCs. 
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6.0 Interlayer of copper to improve the Fe-Al joint 
strength 
 Introduction 
In direct joining of steel to aluminium by laser welding it was possible to create 
sound joints by controlling the fundamental laser material interaction parameters 
to have a balance between bonding area and IMC layer thickness. Even though 
the strongest Fe-Al joints failed with a maximum tensile-shear load of about 30 
kN, all specimens had interfacial failure. 
An alternative approach to prevent the formation of Fe-Al IMCs is to use an 
interlayer of a metal compatible with both Fe and Al. Copper may be used for this 
purpose because Fe does not form IMCs with Cu and even though Al does, it 
also has about 18% (at.%) solid solubility in Cu. 
The main subject of this chapter is to investigate the feasibility of using copper as 
interlayer to restrict the formation of Al-Fe IMCs and therefore increase the joint 
strength. The objectives are as follows: 
 Investigation of laser welding of steel to aluminium with copper interlayer 
in the form of a foil and wire; 
 Investigation of Al-Cu IMC formation when depositing copper filler wire 
onto aluminium substrate by CMT arc welding; 
 Investigation of IMC formation when depositing different grades of 
aluminium wire (AA2319, AA4043, AA4047 and AA5087) onto copper 
layer which was previously deposited onto steel by CMT arc welding. 
 Investigation of laser welding of steel to aluminium with 
copper interlayer in the form of a foil and wire 
In the present section different forms of copper interlayers were investigated to 
prevent the reaction between Fe and Al in laser welding of steel to aluminium. 
The experimental setup used was similar to the one described in the previous 
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sections and the interlayers were positioned between the steel and the aluminium 
plates. To assess the effectiveness of the interlayer different welding parameters 
were tested, the microstructure of the welds was analysed and the IMCs were 
identified. 
 Experimental procedure 
6.2.1.1 Material 
Two different interlayers were tested in this work, 150 and 25 µm thick pure 
copper foil and 1.0 mm diameter copper-silicon welding wire (CuSi3). The 
interlayers were used between the 2 mm thick XF350 high strength low alloy steel 
and the 6 mm thick 5083-H22 aluminium alloy in a lap-joint configuration. The 
chemical composition and the mechanical properties of the materials are in Table 
2-1 and Table 2-2, respectively, in section 2.2. 
6.2.1.2 Methodology and Experimental Setup 
In this work the copper interlayer was used in different forms, as foil and wire. 
The copper interlayer is positioned between the steel and aluminium plates to 
form a physical barrier against the diffusion of Al elements into Fe and vice-versa, 
as this causes the formation of the brittle IMC layer. As the melting temperature 
of pure Cu is around 1080 °C, which is lower than that of the steel (1500 °C) and 
higher than aluminium (570 °C), the copper interlayer can be used between the 
steel plate (on top) and the aluminium plate (at the bottom). In this manner, the 
heat can be transferred through the steel plate to melt the copper interlayer and 
then the aluminium. For the success of this technique the thermal gradient needs 
to be such to melt the copper and the aluminium and keep the steel solid (at least 
at the Fe-Cu interface). In theory, the diffusion of Al and Fe elements between 
each other is blocked in the presence of the interlayer and the Fe-Al IMC 
formation is restricted.  
Theoretically the gap induced by the presence of the interlayer is reduced during 
the joining process when the copper melts and the pressure is applied by the 
clamping device. The copper in the liquid state flows and wets the steel side and 
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on the aluminium side a molten pool is formed and wets the copper. Figure 6-1 
shows different options for the application of the copper interlayer between the 
steel and the aluminium plates. 
 
Figure 6-1: Schematic representation of the joint configuration with copper 
interlayer in the form of (a) foil, (b) CuSi3 welding wire deposited on the steel 
plate by TIG welding (c) 1 mm diameter CuSi3 wire positioned on the surface of 
the aluminium plate and (d) inserted in a 0.4 mm wide groove machined in the 
aluminium plate. 
The advantage of using copper foil as showed in Figure 6-1a is the small gap 
created by the small foil thickness. Some researchers have reported the benefit 
of the presence of Si in the Fe-Al joint to reduce the IMC growth. For this reason, 
CuSi3 welding wire as interlayer was tested in three different configurations (see 
Figure 6-1b,c and d). In Figure 6-1a the copper foil is positioned between the 
upper plate (steel) and the lower plate (aluminium) and covers the entire length 
of the plate as well as the width of the weld seam. The joint configuration showed 
in Figure 6-1b requires the (Tungsten Inert Gas) TIG process to deposit the 
(a) 
(b) 
(c) 
(d) 
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copper on the steel plate (bead on plate configuration). The process parameters 
used to deposit the copper layer onto the steel are indicated in Table 6-1. 
Table 6-1: Welding parameters used on the TIG process to deposit the copper 
layer onto the steel. CTWD stands for contact tip to workpiece distance. 
Backing bar CTWD, mm I, A TS, m.min-1 WFS, m.min-1 
Copper 4.0 100 0.5 2 
TIG is a suitable process for this purpose since the heat input is lower than that 
of other arc welding processes and thus, the distortion on the work piece due to 
residual stresses is minimized. Before welding the plate with the copper bead it 
was cleaned and positioned on the aluminium plate (with the copper bead facing 
the aluminium plate). The joint configurations represented in Figure 6-1c and 
Figure 6-1d use copper wire positioned either directly on the aluminium plate or 
inserted in a 0.4 mm wide machined groove on the aluminium. The groove 
reduces the gap between the steel and the aluminium plates. 
The setup in use was similar to the one shown in section 2.3 for direct joining of 
steel to aluminium. The laser parameters, viz. system and fundamental material 
interaction parameters, used in the experiments are shown in Table 6-2. The 
latter parameters are calculated using the system parameters as shown in section 
1.8.1.1 of this Thesis (equations 1-5 to 1-7).  
The experimental parameters needed to be adjusted for each interlayer to ensure 
that there was only partial melting of the steel, the welds were in conduction mode 
and most important, that there was bonding between the steel and the aluminium 
plates. During the experimental work no shielding gas was used. 
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Table 6-2: System and fundamental material interaction parameters used in the 
laser welding experiments. 
Interlayer 
type 
System parameters 
Fundamental laser material interaction 
parameters 
Beam 
diameter,          
Dbeam, mm 
Power,                            
P, kW 
Travel 
speed,               
TS, m.min-1 
Power 
density,              
PD, MW.m-2 
Interaction 
time,              
ti, s 
Specific 
point 
energy,  
Esp, kJ 
Foil 
16 6 
0.30 
29.8 
3.20 19.2 
0.25 3.84 23.0 
0.20 4.80 28.8 
0.15 6.40 38.4 
13 6 
0.15 
45.2 
5.20 31.2 
0.20 3.90 23.4 
13 4 0.15 30.1 5.20 20.8 
Wire 13 6 
0.15 
45.2 
5.20 31.2 
0.25 3.12 18.7 
0.30 2.60 15.6 
0.35 2.23 13.4 
Wire & 
0.4 mm 
groove 
13 6 0.30 45.2 2.60 15.6 
Bead on 
plate 
13 6 
0.30 
45.2 
2.60 15.6 
0.35 2.23 13.4 
0.45 1.73 10.4 
6.2.1.3 Metallographic analysis 
The metallographic analysis of the dissimilar joints with copper interlayer followed 
a procedure similar to the one depicted in section 2.3.4. It included sample 
cutting, mounting in resin, grinding and polishing, optical microscopy and 
macroscopy and finally, SEM and EDS analysis. 
Even though the phase diagrams show phases formed under equilibrium 
conditions, the binary phase diagrams were used to identify the IMCs present in 
the cross sections, as an approximation.  
 Results and Discussion 
Table 6-3 shows a summary of the laser welding parameters used to join steel to 
aluminium with a copper foil interlayer. Symbols were added to this table to 
indicate the success of the joints. The red crosses represent the experiments in 
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which there was no bonding or where a weak bond was achieved. The green 
symbols indicate that the joint was successfully bonded. 
Table 6-3: Laser welding parameters and results. 
 
As a general observation, the results showed that it is difficult to produce sound 
joints with the majority of the forms of interlayers. 
When using copper foil it was only possible to create joints when welding with 
higher interaction time and power density. However, this sample broke during 
cutting for sample preparation. A possible reason for these poor results may be 
the small thickness of the foil that was not enough to prevent the diffusion 
between Al and Fe and thus, the formation of Fe-Al IMCs could not be avoided. 
Interlayer
Spot size 
[mm]
Power [kW]
Travel speed 
[cm/min]
Interaction 
time [s]
Power density 
[kW/cm2]
Specific point 
energy [kJ]
Welded?
Foil 16 6 30 3.2 2.98 19.2
Foil 16 6 25 3.84 2.98 23.04
Foil 16 6 20 4.8 2.98 28.8
Foil 16 6 15 6.4 2.98 38.4
Foil 13 6 15 5.2 4.52 31.2
Foil 13 6 20 3.9 4.52 23.4
Foil 13 4 15 5.2 3.01 20.8
Wire 13 6 15 5.2 4.52 31.2
Wire 13 6 25 3.12 4.52 18.72
Wire 13 6 30 2.6 4.52 15.6
Wire 13 6 35 2.23 4.52 13.37
Wire & 0.4 
mm groove
13 6 30 2.6 4.52 15.6
Bead on plate 13 6 30 2.6 4.52 15.6
Bead on plate 13 6 35 2.23 4.52 13.37
Bead on plate 13 6 45 1.73 4.52 10.4
Interlayer
Spot size 
[mm]
Power [kW]
Travel speed 
[cm/min]
Interaction 
time [s]
Power density 
[kW/cm2]
Specific point 
energy [kJ]
Welded?
Foil 16 6 30 3.2 2.98 19.2
Foil 16 6 25 3.84 2.98 23.04
Foil 16 6 20 4.8 2.98 28.8
Foil 16 6 15 6.4 2.98 38.4
Foil 13 6 15 5.2 4.52 31.2
Foil 13 6 20 3.9 4.52 23.4
Foil 13 4 15 5.2 3.01 20.8
Wire 13 6 15 5.2 4.52 31.2
Wire 13 6 25 3.12 4.52 18.72
Wire 13 6 30 2.6 4.52 15.6
Wire 13 6 35 2.23 4.52 13.37
Wire & 0.4 
mm groove
13 6 30 2.6 4.52 15.6
Bead on plate 13 6 30 2.6 4.52 15.6
Bead on plate 13 6 35 2.23 4.52 13.37
Bead on plate 13 6 45 1.73 4.52 10.4
Interlayer
Spot size 
[mm]
Power [kW]
Travel speed 
[cm/min]
Interaction 
time [s]
Power density 
[kW/cm2]
Specific point 
energy [kJ]
Welded?
Foil 16 6 30 3.2 2.98 19.2
Foil 16 6 25 3.84 2.98 23.04
Foil 16 6 20 4.8 2.98 28.8
Foil 16 6 15 6.4 2.98 38.4
Foil 13 6 15 5.2 4.52 31.2
Foil 13 6 20 3.9 4.52 23.4
Foil 13 4 15 5.2 3.01 20.8
Wire 13 6 15 5.2 4.52 31.2
Wire 13 6 25 3.12 4.52 18.72
Wire 13 6 0 2.6 4.52 15.6
Wire 13 6 5 2.23 4.52 13.37
Wire & 0.4 
mm groove
13 6 0 2.6 4.52 15.6
Bead on plate 13 6 0 2.6 4.52 15.6
Bead on plate 13 6 5 2.23 4.52 13.37
Bead on plate 13 6 45 1.73 4.52 10.4
Interlayer
Spot size 
[mm]
Power [kW]
Travel speed 
[cm/min]
Interaction 
time [s]
Power density 
[kW/cm2]
Specific point 
energy [kJ]
Welded?
Foil 16 6 30 3.2 2.98 19.2
Foil 16 6 25 3. 4 2.98 23.04
Foil 16 6 20 4.8 2.98 28.8
Foil 16 6 15 6.4 2.98 38.4
Foil 13 6 15 5.2 4.52 31.2
Foil 13 6 20 3.9 4.52 23.4
Foil 13 4 15 5.2 3.01 20.8
Wire 13 6 15 5. 4.52 31.2
Wire 13 25 3.12 4.52 18.72
Wire 13 6 30 2.6 4.52 15.6
Wire 13 35 2.23 4.52 13.37
Wire & 0.4 
mm groove
13 30 2.6 4.52 15.6
Bead on plate 13 6 30 2.6 4.52 15.6
Bead on plate 13 6 35 2.23 4.52 13.37
Bead on plate 13 6 45 1.73 4.52 10.4
Successful 
bonding 
Weak bonding 
or no bonding 
Joint failure 
during cutting 
0.  
0. 5 
0.20 
0.  
0.  
0.  
0.  
0.  
0.  
0.  
0.  
0.  
0.  
0.  
0.45 
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The results of the experiments in which the interlayer was a copper bead 
deposited prior to the laser experiment on the steel plate were not different from 
the previous results. All the samples broke whilst removing them from the 
clamping system, irrespective of the welding parameters used. The premature 
failure of these samples may be related to the distortion of the steel plate induced 
by the TIG process during the deposition of copper bead on the steel plate. The 
distorted plate with the copper bead was positioned on the aluminium plate and 
clamped but after the joining process more residual stresses were induced. 
These residual stresses were enough to break the fragile bond between the steel 
and the aluminium. 
The only satisfactory results were the joints produced with copper welding wire 
positioned either on the surface or inside the groove of the aluminium plate. In 
both configurations the thickness of the interlayer was enough to minimize the Al-
Fe reaction and the joint showed less distortion. 
The macrographs of the welded samples are shown in Table 6-4. Besides the 
poor mechanical strength, the samples have also major defects such as cracking 
and porosity in the fusion zone. The macrosections also indicate that part of the 
copper wire melted and wet the steel surface whereas the other part of the wire 
was mixed with the molten aluminium. Ideally, the copper on the aluminium side 
should remain solid during the welding process to minimize the diffusion between 
Al, Cu and Fe and thus, the formation of binary or even ternary IMCs. However, 
for this joint configuration the thermal gradient to produce the joint is such that 
the temperature on the copper wire is higher than its melting temperature and 
therefore, the wire melts during the joining process (see Table 6-4). 
The macrosections of the samples with a copper foil interlayer only show small 
traces of the foil near the edges of the fusion zone. Many IMCs structures, either 
on the Fe-Al interface or dispersed in the aluminium fusion zone are visible at 
higher magnification (see Table 6-4). 
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Table 6-4: Macro and micrographs of the samples joined with different forms of 
copper interlayer and different laser welding parameters. 
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The presence of Fe in the aluminium fusion zone in the form of IMCs was 
confirmed by SEM / EDS analysis on the sample with the wire inserted in the 
groove (see spectrum analysis in Figure 6-3 and Figure 6-4). The results from the 
spectrum analysis were used together with the ternary Al-Cu-Fe phase diagram 
shown in Figure 6-3 for the identification of the IMCs. Two zones of interest were 
analysed, viz. Test 1 region which is located near the edge of the aluminium 
fusion zone and Test 2 region which is at the centre of the aluminium fusion zone 
and just under the copper welding wire. In Test 1 area the EDS analysis detected 
the presence of FeAl3 and Fe2Al5 either mixed in Fe or in Al. According to the 
phase diagram there are also ternary Al-Cu-Fe IMCs formed in this area, which 
can be Al7Cu2Fe or Al13Cu5Fe2. The EDS mapping in Figure 6-4c confirms the 
presence of the three elements in this region. In Test 2 region also FeAl3 was 
identified (Test 2, Figure 6-3b). This may be explained by the diffusion of Fe into 
Cu which in turn reacted with Al to form this IMC. In the same figure, at spectrum 
1, there is a phase of solid solution of Cu and Al into Fe. In this area the Cu seems 
to improve the solubility of Al into Fe (from 23% to 52%). This can be beneficial 
because less Fe-Al IMCs are formed at the joint interface. 
 
Figure 6-2: Al-Cu-Fe ternary phase diagram (in at.%) used to identify the IMC 
phases. 
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Figure 6-3: Metallographic analysis of the joint welded with CuSi3 wire of 1 mm 
diameter inserted in a 0.4 mm deep groove: (a) macrograph, (b) SEM/EDS 
spectrum results. The IMC with marked with * is the one in higher concentration. 
Laser welding parameters: Dbeam=13 mm, P=6 kW, TS=0.30 m.min-1. 
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Figure 6-4: Metallographic analysis of the joint welded with CuSi3 wire of 1 mm 
diameter inserted in a 0.4 mm deep groove: (a) macrograph, (b) SEM micrograph 
and (c) elemental mapping by EDS. Laser welding parameters: Dbeam=13 mm,  
P=6 kW , TS=0.30 m.min-1. 
Fe 
Cu 
Al 
Cu Al Fe 
(a) 
(b) 
(c) 
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Similar analysis was carried out with the sample joined with copper foil as 
interlayer. This joint was not strong enough and broke during cutting and for this 
reason in Figure 6-5 only the aluminium plate and the copper foil on the sides of 
the weld are visible. At the centre of the weld the copper foil is not visible because 
it melted and it was dissolved in the aluminium during welding (Figure 6-5a). 
Several IMCs were formed in the aluminium fusion zone as shown in Figure 6-5b 
and c. However, the IMCs are spread in the Al fusion zone instead of being in a 
single layer opposed to what was observed before in the Fe-Al joints. The EDS 
elemental mapping in Figure 6-5d shows the presence of Fe and Cu in the Al 
fusion zone. 
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Figure 6-5: Metallographic analysis of the sample welded with a 150 µm thick 
pure Cu foil: (a) macrograph, (b) SEM micrograph and EDS elemental mapping. 
Laser welding parameters: Dbeam=13 mm, P=5 kW, TS=0.35 m.min-1. 
Figure 6-6 shows two areas of interest, viz. Test 1 region represented in red which 
is located on the left hand side of the fusion zone and Test 2 region which is 
represented in blue and it is located at the centre of the weld. The EDS elemental 
mapping suggests that under certain welding conditions the copper foil is effective 
in preventing the diffusion of Fe into Al because no traces of Fe were found in 
Aluminium 
Copper 
(a) 
(b) 
(c) 
Al 
Fe 
Cu 
(d) 
1 mm 
100 µm 100 µm 
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this region. However, at the centre of the weld the interlayer was completely 
melted and dissolved in the aluminium. The reaction between Fe, Al and Cu could 
not be avoided and IMCs were formed. According to the EDS spectrum analysis 
and the ternary phase diagram the only IMC found was FeAl3 (see Figure 6-2). 
 
Figure 6-6: Metallographic analysis of the sample welded with a 150 µm thick 
pure Cu foil. Test 1 and 2 regions are represented in red and blue, respectively. 
(a) Macrograph, (b) EDS elemental mapping and (c) SEM/EDS spectrum analysis. 
Laser welding parameters: Dbeam=13 mm, P=5 kW , TS=35 cm.min-1. 
Aluminium 
Copper 
Al Cu 
(a) 
(b) 
(c) 
1 mm 
Spectrum 2 
Spectrum 3 
Spectrum 6 Spectrum 4 
Spectrum 2 
Spectrum 7 
Spectrum 5 
Spectrum 1 
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The low percentage of Cu on those spectrums can be due to the small amount of 
copper added to the aluminium fusion zone and also the high diffusivity of this 
element.  
The mechanical strength of the samples produced with copper interlayers was 
not measured because even though some of the samples were bonded, the 
macrosections showed many defects such as cracking, porosity and gaps which 
affect the joint strength. However, microhardness measurements were taken at 
different positions along the joint interface (see Figure 6-7). The results suggest 
that Al-Cu IMCs are more ductile than Fe-Al IMCs. On the left hand side of the 
fusion zone, at the Cu-Al interface (Figure 6-7b) the hardness of the Al2Cu sub-
layer measures 454 HV whereas at the centre of the weld where the FeAl3 IMCs 
are spread in the Al fusion zone the hardness is about 759 HV (Figure 6-7c). 
There is also a large area in the fusion zone where fine IMCs are spread and the 
hardness is even lower, about 400 HV (Figure 6-7d). 
 
Figure 6-7: Results from the microhardness test: (a) Macrograph, micrograph of 
the indentations on (b) Al2Cu under the copper foil and (c) FeAl3 and (d) mixed 
IMCs at the centre of the weld. 
Aluminium 
Copper 
(a) 
(b) (c) (d) 
1 mm 
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 Summary 
In general, if an interlayer is to be used between the steel and the aluminium 
plates with the current joining principle, more energy is required to produce the 
joint when compared to joints with no interlayer. The temperature at Cu-Fe 
interface has to be higher than the melting temperature of the copper (around 
1000 °C) and the heat needs to be transferred through the Cu wire/foil to melt the 
aluminium. However, with this experimental conditions it was not possible to 
prevent the melting of the steel at the joint interface due to the combination of 
thermal resistivity and high temperature required at the Cu-Fe interface. 
Moreover, Cu having much higher thermal conductivity than Fe resulted in lower 
temperature rise as compared to the steel and therefore, some part of it was not 
even molten. For these reasons, the reaction between the three main elements 
of the joint, Fe, Al and Cu, could not be avoided and the formation of binary and 
ternary IMC phases was confirmed by SEM/EDS analysis. 
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 Investigation of Al-Cu IMC formation when depositing copper 
filler wire onto aluminium substrate by CMT arc welding 
In the previous section copper was used as interlayer to create a bridge between 
steel and aluminium using laser welding process. However, this technique 
showed some limitations for the joint configuration in use and the reaction 
between Fe and Al could not be avoided and IMCs were formed. 
An alternative approach to use a copper interlayer in dissimilar metal joining is 
proposed in this section. The aim is to verify the viability of using copper as 
interlayer between the steel and the aluminium using CMT welding process and 
produce strong joints. For this reason, the effect of the arc energy on the Al-Cu 
IMC formation will be assessed using several welding modes, wire feed speeds 
and gas mixtures. The IMCs resultant from the reaction between aluminium and 
copper will be identified and the microhardness mapping of the weld bead cross-
section will be determined.  
 Experimental procedure 
6.3.1.1 Material 
In this section the substrate used was 5083-H22 aluminium alloy which 
dimensions were 200 mm in width, 400 mm in length and 6 mm in thickness. The 
welding wire used in the welding experiments was a copper-silicon alloy (CuSi3) 
with 1.0 mm diameter. The details of the chemical composition and physical 
properties of the substrate and the welding wire were provided in section 2.2. 
6.3.1.2 Methodology and experimental setup 
The joining process applied in this section is Cold Metal Transfer or CMT. An arc 
welding process is more suitable to weld copper than the general laser welding 
processes because of the poor absorption of the metal at the near and far infrared 
spectrum of the laser radiation and because of the thermal conductivity which 
makes it difficult to produce deep welds. At 1 µm of wavelength (infrared laser 
radiation) which correspond to the laser used in this project, more than 95% of 
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the light is reflected by the material (see Figure 6-8). The remaining energy that 
is absorbed by the material is easily conducted away from the point where the 
laser is incident due to the high conductivity of the metal. The use of lasers 
operating in the green region of the spectrum is recommended to weld copper 
because at this wavelength the absorptivity of copper is substantially improved 
(Rüttimann et al., 2011)(Engler et al., 2011). 
 
Figure 6-8: Absorptivity of copper at room temperature as a function of 
wavelength (Hess et al., 2011). 
Continuous and parallel weld seams of copper were welded onto aluminium 
substrate using CMT welding process, according to the schematic representation 
in Figure 6-9.   
 
Figure 6-9: (a) Bead on plate welds using copper welding wire and aluminium 
substrate. (b) Material configuration. 
(a) 
(b) 
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Before welding, the aluminium plates were linished to remove the oxides from the 
substrate surface and degreased with acetone.  
A global picture of the experimental setup is shown in Figure 6-10. The CMT 
Advanced welding process was used which is the most recent power source 
developed by Fronius (Figure 6-10d). The Robacta drive CMT welding torch 
(Figure 6-10c) was attached to the 3 axis VPPA2 manipulator. The movement of 
the welding torch was controlled through the VPPA2 controller (Figure 6-10a) 
whereas the welding parameters were set in the RCU 5000i remote control unit. 
To prevent the distortion of the aluminium during the welding process, the plates 
were clamped to the table of the manipulator (Figure 6-10b). The voltage and 
current signals were recorded during the welding process with the Triton 
Electronics Limited’s AMV 4000 arc watch system (Figure 6-10e). The recorded 
data was then analysed and used to calculate the heat input of the process. The 
fumes produced during the welding experiments were extracted using local 
exhaust ventilation (so-called LEV, Figure 6-10f). 
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Figure 6-10: Picture of the experimental setup for CMT welding. 
The welding torch position and the distance between the contact tip to the work 
piece (CTWD) were kept constant (see Table 6-5). The shielding gas flow rate 
used was 22 l/min and the composition of the shielding gas was changed (100% 
of Argon and a mixture of 50% Argon plus 50% He) in order to assess its influence 
on the IMC formation. The synergic curve program used was recommended for 
CuSi3 welding wire. The welding conditions are summarized in Table 6-5. 
  
  
  
    
a b 
e f 
a – VPPA2 manipulator controller 
b – Substrate clamped to the table of the 
manipulator 
c – Robacta CMT torch 
d – TPS CMT Advanced plus power source 
e – Triton Electronics Limited’s AMV 4000 arc 
watch system 
f – LEV (Local Exhaust Ventilation) 
  
c d 
  
c 
  
d 
  
e 
Detailed pictures: 
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Table 6-5: Summary of the experimental parameters used in the deposition of 
copper onto aluminium. 
Torch 
position 
Lead angle 90 ° 
Approach angle 90 ° 
CTWD 13 mm 
Shielding 
gas 
Flow rate 22 l.min-1 
Composition 
100% Argon 
50% Argon + 50% Helium 
Welding 
parameters 
CMT modes C878, C1182 and C1183 
Travel speed 0.5 m.min-1 
Wire feed speed 7.5, 8.0 and 8.5 m.min-1 
6.3.1.3 Metallographic analysis and microhardness testing 
The metallographic analysis of the dissimilar Al-Cu bead on plate welds followed 
a procedure similar to the one depicted in section 2.3.4. It includes sample 
cutting, mounting in resin, grinding and polishing, optical microscopy and 
macroscopy. The identification of the IMCs in the cross-sections was based on 
SEM and EDS results and on the binary Al-Cu phase diagram. However, the 
phases identified are only an approximation because the phases in the phase 
diagram were determined for equilibrium conditions. The data from the EDS 
spectrum analysis was simplified and the elements for which the composition was 
under 8% were excluded. The microhardness of the Al-Cu IMCs formed in the 
weld metal was measured following standard procedure, as described in section 
2.3.5.  
 Results and Discussion 
The heat input was calculated based on the voltage and current intensity 
recorded by the AMV 4000 arc watch system. In order to analyse the transient 
data of the welding process, hundreds or thousands of measurements per second 
were taken from the voltage and current signals during the welding process. 
Instantaneous heat input was calculated based on these two parameters before 
calculating the average of the heat input for the entire data recording time. 
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As shown in Table 6-6 the heat input is varied by changing both, welding mode 
and wire feed speed. The maximum heat input measured was with C878 welding 
mode and 8.5 m.min-1 of wire feed speed. 
Table 6-6: Heat input calculated from the transient data recorded with the AMV 
4000 arc watch system in each welding condition. 
Sample 
number 
CMT 
mode 
Travel 
speed, 
m.min-1 
Wire 
feed 
speed, 
m.min-1 
Shielding gas 
@ 
22 l.min-1 
Average 
power,  
kW 
Arc 
energy, 
J.mm-1 
HI  
(η=0.85), 
J.mm-1 
5 878 0.5 7.5 100 % Ar 2.32 278 236 
6 878 0.5 8.5 100 % Ar 2.81 337 286 
7 878 0.5 8.0 100 % Ar 2.57 309 263 
8 1182 0.5 7.5 100 % Ar 1.85 222 189 
9 1182 0.5 8.0 100 % Ar 1.98 237 201 
10 1182 0.5 8.5 100 % Ar 2.25 270 230 
11 1183 0.5 7.5 100 % Ar 1.68 202 172 
12 1183 0.5 8.0 100 % Ar 1.93 231 196 
13 1183 0.5 8.5 100 % Ar 2.06 247 210 
14 1182 0.5 7.5 
50% Ar + 50% 
He 
- - - 
15 1183 0.5 7.5 
50% Ar + 50% 
He 
1.90 228 194 
16 1183 0.5 7.5 
50% Ar + 50% 
He 
1.92 230 196 
The macrographs of the cross-section of the welds are presented in Table 6-7. 
The weld seams are uniform and do not show signs of porosity and only one has 
a large crack. All macrographs show a distinctive band located between the 
copper bead and the aluminium substrate which seems to contain Al-Cu IMCs. 
The effect of the arc energy on the weld shape and Al-Cu reaction was assessed 
by welding with different wire feed speeds and the results are given in Table 6-8. 
The dilution presented in this table intends to demonstrate the amount of 
aluminium dissolved in the fusion zone. The dilution is calculated by the area of 
the fusion zone on the aluminium by the total area of the weld bead (copper and 
aluminium). 
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Table 6-7: Macrographs of the cross-sectional view of copper weld beads on 
aluminium plate. 
Sample 
number 
CMT 
mode 
TS, 
m.min-
1 
WFS, 
m.min-
1 
Shielding 
gas       @         
22 l.min-1 
HI  
(η=0.85), 
J.mm-1 
Macro 
5 C878 0.5 7.5 100 % Ar 236 
 
6 C878 0.5 8.5 100 % Ar 286 
 
7 C878 0.5 8.0 100 % Ar 263 
 
8 C1182 0.5 7.5 100 % Ar 189 
 
9 C1182 0.5 8.0 100 % Ar 201 
 
10 C1182 0.5 8.5 100 % Ar 230 
 
11 C1183 0.5 7.5 100 % Ar 172 
 
12 C1183 0.5 8.0 100 % Ar 196 
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Sample 
number 
CMT 
mode 
TS, 
m.min-
1 
WFS, 
m.min-
1 
Shielding 
gas       @         
22 l.min-1 
HI  
(η=0.85), 
J.mm-1 
Macro 
13 C1183 0.5 8.5 100 % Ar 210 
 
14 C1182 0.5 7.5 
50% Ar + 
50% He 
- 
 
15 C1183 0.5 7.5 
50% Ar + 
50% He 
194 
 
16 C1183 0.5 7.5 
50% Ar + 
50% He 
196 
 
Table 6-8: Dimensions of the copper weld bead on aluminium plate. 
Sample 
no. 
CMT 
mode 
TS, 
m.min-1 
WFS, 
m.min-1 
HI  
(η=0.85), 
J.mm-1 
Weld 
height, 
mm 
Weld 
width
, mm 
Weld 
depth, 
mm 
Weld 
area, 
mm2 
Dilution, 
% 
5 C878 0.5 7.5 236 2.3 7.7 1.4 16.0 34 
6 C878 0.5 8.5 286 2.1 11.0 2.9 26.9 51 
7 C878 0.5 8.0 263 2.1 9.0 1.9 20.2 42 
8 C1182 0.5 7.5 189 2.7 6.0 0.7 13.5 15 
9 C1182 0.5 8.0 201 2.5 7.5 1.0 16.0 19 
10 C1182 0.5 8.5 230 2.3 8.4 1.4 18.7 30 
11 C1183 0.5 7.5 172 3.0 6.1 0.7 14.3 14 
12 C1183 0.5 8.0 196 2.8 7.1 1.2 17.1 23 
13 C1183 0.5 8.5 210 2.6 7.9 1.4 19.6 26 
14 C1182 0.5 7.5 - 2.0 7.9 1.3 15.6 32 
15 C1183 0.5 7.5 194 1.9 7.7 1.6 16.8 33 
16 C1183 0.5 7.5 196 2.4 7.6 1.3 16.2 27 
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The results corresponding to the welds produced with C878 CMT welding mode 
are shown in Figure 6-11. The macrographs of the cross sections of the weld 
seams are represented by I and the top view of the weld seam is indicated by II. 
 
Figure 6-11: Effect of welding mode on the weld shape and Al-Cu IMC formation. 
(I) Cross-sectional view and (II) top view of the weld seam. Welding parameters: 
C878 CMT mode, TS = 0.5 m.min-1, shielding gas = 100% Argon, WFS = (a) 7.5 
m.min-1, (b) 8.0 m.min-1 and (c) 8.5 m.min-1. 
There are two main consequences to the weld profile and band of IMCs when 
higher wire feed speed is used. In terms of weld profile it becomes wider when 
higher wire feed speeds are used because more filler wire is deposited in the 
weld (see Figure 6-11a-II and c-II). The second point is related with the synergic 
curve used by the CMT welding process to control the current and voltage of the 
process according to the wire feed speed in use. Higher levels of energy are used 
when welding with higher wire feed speed. Table 6-8 shows that the dilution of 
aluminium in the weld bead is nearly 34% and 51% when the wire feed speed 
used is 7.5 and 8.5 m.min-1, respectively. Therefore, if one compares Figure 
6-11a-I and b-I one will see that the band of IMCs is thicker when 8.0 m.min-1 of 
WFS is used. Moreover, if the WFS is further increased the reaction between Al 
and Cu is even stronger and the whole copper bead becomes brittle and large 
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cracks in the weld seam are formed. In order to minimize the reaction between 
Al and Cu it is advised to weld with low energy and thus, with low wire feed speed.  
The macrographs of the welds produced with different welding modes are shown 
in Figure 6-12. 
 
Figure 6-12: Effect of welding mode on the weld shape and Al-Cu IMC formation. 
(I) Cross-sectional view and (II) top view of the weld seam. Welding parameters: 
TS = 0.5 m.min-1, WFS = 7.5 m.min-1, shielding gas = 100% Argon, CMT welding 
mode (a) C878, (b) Advanced C1182 and (c) Advanced C1183. 
The standard CMT welding mode (C878) is more energy intensive than the 
Advanced modes C1182 and C1183, 236 J.mm-1 compared to 189 and 172 
J.mm-1, respectively. The weld profiles shown in Figure 6-12 are in agreement 
with this, the weld seam produced by the standard CMT mode is wider and 
deeper than the welds produced by the advanced modes. The welds produced 
with the standard CMT process show a thicker band of IMCs demonstrating that 
during the welding process there was a stronger reaction between Al and Cu. 
The effect of shielding gas composition on the weld shape and Al-Cu IMC band 
is clear on the macrographs in Figure 6-13. 
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Figure 6-13: Effect of shielding gas on weld shape and Al-Cu IMC formation. (I) 
Cross-sectional view and (II) top view of the weld seam. Welding parameters: 
1183 CMT Advanced mode, TS = 0.5 m.min-1, WFS = 7.5 m.min-1, shielding gas = 
(a) 100% Argon and (b) 50% Argon + 50% Helium. 
The addition of Helium in the shielding gas increases the energy of the welding 
process (from 172 J.mm-1 to 194 J.mm-1) and for this reason the weld seams are 
wider and with a lower reinforcement curve (see Figure 6-13c and d) and the 
dilution of aluminium in the weld bead increases from 14% to 33%. This is due to 
the ionization energy of Helium being higher than that of Argon and thereby 
inducing a hotter weld. For this reason the Al-Cu IMC band is also thicker when 
He is added to the shielding gas mixture.  
SEM and EDS analysis were carried out in three samples to characterize the Al-
Cu IMCs formed during the welding process. The results are indicated in Table 
D-2 to Table D-3 in Appendix D. The samples chosen were produced by standard 
CMT with 8.0 and 8.5 m.min-1 of WFS and CMT Advanced with 8.5 m.min-1 of 
WFS. One can see that all these samples do not show the continuous reaction 
layer that is characteristic from Fe-Al joints. Instead, the Al-Cu IMCs are spread 
in a matrix of Al substrate (see Figure 6-14). As copper has a higher melting 
temperature than aluminium, it is not possible to deposit copper onto aluminium 
without melting both metals. Nevertheless, having the IMCs spread in the 
aluminium fusion zone may be less detrimental to the joint than having a 
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continuous IMC layer along the interface between both metals, as in the case of 
the laser welded Fe-Al joints. 
 
Figure 6-14: SEM images taken along the band of Al-Cu IMCs located between 
the copper weld bead and the aluminium substrate. Welding parameters: C878 
CMT mode, TS = 0.5 m.min-1, 100% Argon shielding gas and WFS = 8.0 m.min-1. 
In Figure 6-15a there are three areas in the copper bead where the chemical 
composition was determined by EDS. The results showed that the weld bead 
composition has a small variation from the top to the bottom: Cu content is lower 
at the top (87 at.% ) and higher at the bottom (93 at.%). One possible reason is 
the different densities of Cu and Al. According to the binary Al-Cu phase diagram 
all these areas have a solid solution of Al in Cu and no Al-Cu intermediate phases 
are observed. Two different IMCs were found in the Al-Cu transition band, viz. 
AlCu and Al2Cu (see Figure 6-15b). The region near the Cu bead is mainly 
composed of Al2Cu mixed with AlCu and the IMCs have a solid structure. 
However, closer to the aluminium substrate there is only fine Al2Cu spread in a 
matrix of Al. Elements such as Mg, Si and Mn were not taken into account in 
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order to simplify the identification of the IMCs and due to the low concentration in 
the mixture. 
 
Figure 6-15: Elemental composition analysis by EDS of copper weld bead and 
transition band. (a) Macrograph showing the areas of interest and (b) 
identification of IMC phases based on the EDS analysis and Al-Cu binary phase 
(a) 
(b) 
1 mm 
Fusion 
line 
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diagram. Welding parameters: C878 CMT mode, TS = 0.5 m.min-1, 100% Argon 
shielding gas and WFS = 8.0 m.min-1. 
Similar analysis was done to two other samples produced by standard and 
advanced CMT modes with 8.5 m.min-1 of WFS (see Figure 6-16 and Figure 
6-17). The main difference in these welds is the composition of the weld beads. 
The EDS analysis carried out in three different height levels inside the Cu weld 
bead indicates that there is a solid solution of Al in Cu in the weld produced by 
advanced mode whereas using the CMT standard mode the weld bead was 
mainly AlCu2. This IMC phase was not identified in the transition band where the 
following phases are usually present: Al2Cu+AlCu, Al2Cu and Al+Al2Cu (see 
Figure 6-16b and Figure 6-17b). When higher energy is used to weld copper to 
aluminium there is more melting of the aluminium substrate and therefore the 
amount of Al mixed in Cu is higher. In this condition the dilution of aluminium in 
the weld bead increases from 34% to 51% when the energy goes from 236 J.mm-
1 to 286 J.mm-1. If the amount of Al into Cu is above the maximum threshold to 
obtain solid solution of Al in Cu then more IMCs are formed. This may explain the 
weld bead composition and the formation of AlCu2. The higher Al concentration 
at the top of the weld may indicate that AlCu2 was initially formed at the top of the 
weld and therefore, it is not observed at the band. Even though the weld bead of 
the sample showed in Figure 6-17a is mainly composed of AlCu2 it also has a 
band similar to the samples previously depicted. However, due to higher content 
of Cu in this band there are more Al2Cu + AlCu phases. Figure 6-16c and Figure 
6-17c show the distribution of Al and Cu elements in both samples. 
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Figure 6-16: Elemental composition analysis by EDS of copper weld bead and 
transition band. (a) Macrograph showing the areas of interest, (b) EDS elemental 
mapping and (c) identification of IMC phases based on the EDS analysis and Al-
Cu binary phase diagram. Welding parameters: C1182 CMT Advanced mode, TS 
= 0.5 m.min-1, 100% Argon shielding gas and WFS = 8.5 m.min-1. 
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Figure 6-17: Elemental composition analysis by EDS of the transition band. (a) 
Macrograph showing the areas of interest, (b) identification of IMC phases based 
on EDS analysis and Al-Cu binary phase diagram and (c) elemental mapping. 
Welding parameters: C878 CMT mode, TS = 0.5 m.min-1, 100% Argon shielding 
gas and WFS = 8.5 m.min-1. 
(a) 
(b) 
(c) 
Al Cu Si 
Spectrum Al [At.%] Cu [Al.%] Phase composition 
Bottom 35.4 64.6 Cu9Al4 (γ1) or Cu2Al 
Middle 38.0 62.0 Cu9Al4 (γ1) or Cu2Al 
Top 38.9 61.1 Cu9Al4 (γ1) or Cu2Al 
1 87.9 12.1 (Al) + Al2Cu (ɵ) 
2 77.1 22.9 (Al) + Al2Cu (ɵ) 
3 62.3 37.7 Al2Cu (ɵ) + CuAl (η2) 
4 64.9 35.1 Al2Cu (ɵ) + CuAl (η2) 
5 60.4 39.6 Al2Cu (ɵ) + CuAl (η2) 
6 100.0  (Al) 
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The microhardness of the welds produced by standard CMT and 8.0 and 8.5 
m.min-1 of WFS was measured and the results are shown in Figure 6-18. 
 
Figure 6-18: Microhardness mapping of the CMT welds. Welding parameters: 
C878 CMT mode, TS = 0.5 m.min-1, shielding gas = 100% Argon, WFS = (a) 8.0 
m.min-1 and (b) 8.5 m.min-1. 
The microhardness mapping shows that the centre of the sample welded with 8.5 
m.min-1 (Figure 6-18a) of WFS is nearly four times harder than the centre of the 
weld produced with 8.0 m.min-1 of WFS (Figure 6-18b). This justifies the presence 
of the crack in this sample. In both samples the average microhardness 
measured on the aluminium parent metal is 69 HV. At the centre of the weld 
showed in Figure 6-18a the average microhardness is 125 HV and thus, there 
are no visible cracks. The reason for the relatively low hardness compared to the 
sample showed in Figure 6-18b is the chemical composition of the weld which 
corresponds to solid solution of Al in Cu with no intermediate phase of Al-Cu 
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according to the spectrum analysis. On the contrary, the majority of the weld 
showed in Figure 6-18b is composed by AlCu2 which is a copper rich Al-Cu IMC 
with average microhardness about 700 HV. The microhardness of the band of Al-
Cu IMCs located between the Cu bead and the aluminium substrate in Figure 
6-18a was in a range between 217 and 380 HV whereas in Figure 6-18b this thin 
band was about 350 HV. This region is harder than the weld bead in Figure 6-18a 
but more ductile than that of Figure 6-18b because it contains Al2Cu mixed with 
AlCu and in some areas only a mix of Al with Al2Cu. 
  Summary 
The results of the experiments using CMT arc welding process with copper filler 
wire deposited onto aluminium showed that: 
 It is possible to create sound welds between copper and aluminium, free 
of defects such as porosity or cracking and uniform weld seams under 
specific welding conditions, i.e. low arc energy; 
 All welds are not homogeneous and have three different areas: Aluminium 
substrate, Cu-Al weld bead and in between a transition band composed of 
Al-Cu IMCs dispersed in aluminium  
 Controlling the arc energy either by wire feed speed, CMT welding mode 
or even shielding gas, it is possible to create good wetting of CuSi3 onto 
the Al substrate and keep the reaction between Cu and Al as small as 
possible; 
 High heat input values used in the welding process enhances the mixture 
of Cu and Al and thus the formation of IMCs is highly observed; 
 The sample welded with the maximum energy (286 J.mm-1) showed a 
large crack formed whilst cooling down caused by the high content of Al in 
Cu, 37 at%Al and 63 at%Cu, forming AlCu2, and lack of ductility; 
 Low energy reduces the diffusion of Al and Cu atoms and thus the 
formation of Al-Cu IMC is minimized. On the other hand, a very good 
wetting is enhanced with high energy; The analysis of the macrographs 
suggests that there is a threshold value for the energy from which the 
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entire copper bead is used in the reaction with aluminium and is 
transformed in a new IMC phase; 
 Microhardness in the weld bead can be as high as 800 HV when AlCu2 is 
formed but if the arc energy is controlled it can be 125 HV in the weld bead; 
 The band is no more than 380 HV hard but because the IMCs are spread 
in the aluminium the behaviour of the sample should be more ductile.  
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 Investigation of IMC formation when depositing four different 
grades of aluminium wire onto copper by CMT arc welding 
The deposition of copper onto aluminium by CMT welding as an alternative 
approach to add an interlayer between steel and aluminium was investigated in 
the previous section (section 6.3). The Al-Cu IMC formation under different 
welding conditions was also investigated and the results were promising. 
However, it was observed that when the arc energy is above a certain threshold 
the entire weld bead is transformed in AlCu2 and the weld seam shows large 
cracks. If the joining process involves the melting of both metals, there is a 
stronger reaction between them and then, more IMCs are formed. Since the 
melting temperature of aluminium is lower than that of copper, in this section it is 
proposed to study the feasibility of using copper as interlayer between the steel 
and the aluminium but in this case using CMT brazing process (by deposition of 
aluminium onto copper). 
The reaction between Al-Cu-Fe is evaluated under different energy levels by 
using several wire feed speeds and welding modes. Moreover, to assess the 
influence of the alloying elements on the IMC formation, different grades of 
aluminium welding wire were brazed onto copper (CuSi3) weld seams previously 
deposited onto a steel substrate. Metallographic analysis to verify the geometry 
of the weld and the composition of the IMCs was done. To determine the benefit 
of having the copper interlayer between the steel and the aluminium plates by 
brazing process, microhardness measurements were carried out. 
 Experimental procedure 
6.4.1.1 Material 
In this section CuSi3 welding wire with 1.0 mm diameter was deposited onto DH36 
steel which dimensions were 200 mm wide, 250 mm long and 6 mm thick. A 
second layer was deposited onto the copper bead with four different grades of 
aluminium welding wire and all with 1.2 mm diameter. The chemical composition 
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and physical properties of the welding wires and steel substrate are in Table 6-9 
and, Table 6-10 respectively. 
 Table 6-9: Chemical composition of the substrate and the welding wires used in 
CMT brazing experiments. 
 Substrate Welding wire 
 DH36 
AA5083 
(H22) 
CuSi3 AA 2319 AA 4043 AA 4047 AA 5087 
Standard 
ASTM 
A131:Part 4 
- 
AWS A5.7 
ER CuSi-A 
* 
AMS 
4191H * 
AWS 
A5.10 ER 
4043 * 
AWS 
A5.10 ER 
4047 
ISO 18273 
– S Al 
5087 
Cu 0.010 - Bal. 6.41 0.02 < 0.3 < 0.05 
Zn - - 0.019 < 0.01 0.01 < 0.2 < 0.25 
Pb - - 0.007 - - - - 
Al 0.035 - < 0.01 Bal. Bal. Bal. Bal. 
Fe Bal. - 0.016 0.08 0.2 < 0.6 < 0.4 
Ni 0.017 - - - - - - 
Mn 1.370 - 1.08 0.32 0.00 < 0.15 0.7 – 1.1 
Si 0.390 - 2.95 0.03 4.9 11 – 13 < 0.25 
Sn 0.002 - - - - - - 
S 0.009 - - - - - - 
P 0.014 - 0.008 - - - - 
Ag - - - - - - - 
TOE - - - < 0.15 - - - 
Zr - - - 0.13 - - 0.10 – 0.20 
Ti 0.002 - - 0.11 0.02 < 0.15 < 0.15 
Mg - - - < 0.01 0.01 0.1 4.5 – 5.2 
V 0.003 - - 0.08 - - - 
Be - - - < 0.0001 0.0001 < 0.0003 < 0.0003 
Other - - - < 0.05 - - - 
Cr 0.018 - - - - 0.00 0.05 – 0.25 
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 Substrate Welding wire 
 DH36 
AA5083 
(H22) 
CuSi3 AA 2319 AA 4043 AA 4047 AA 5087 
C 0.140 - - - - - - 
Nb 0.020 - - - - - - 
N 0.005 - - - - - - 
Mo 0.001 - - - - - - 
 
Table 6-10: Physical properties of the substrate and welding wires used in CMT 
brazing experiments. 
 Substrate Welding wire 
 DH36 
AA5083 
(H22) 
CuSi3 AA 2319 AA 4043 AA 4047 AA 5087 
Standard 
ASTM 
A131:Part  4 
 
AWS A5.7 
ER CuSi-A 
* 
AMS 
4191H * 
AWS A5.10 
ER 4043 * 
AWS 
A5.10 ER 
4047 
ISO 18273 
– S Al 
5087 
Yield 
Strength, 
N.mm-2 
355 
250 
(Metalweb, 
2013) 
250 
(Schwartz, 
2003) 
179 20 – 40 (70) 60 – 80 125 – 140 
Tensile 
Strength, 
N.mm-2 
490 – 630 377 380 241 
120 – 165 
(145) 
130 – 190 275 – 300 
Elongation, 
% 
22 8 46  3 – 18 (22) 5 – 20 17 – 30 
Melting 
temperature, 
°C 
 570 910 - 1025 543 - 643 573 - 625 573 - 585 568 - 638 
Vaporization 
temperature 
(alloying 
elements), 
°C 
  
Cu – 2595 
Si – 3265 
Al – 2327 
Cu – 2595 
Al – 2327 
Si – 3265 
Al – 2327 
Si – 3265 
Fe – 2862 
Zn – 906 
Al – 2327 
Mg – 1110 
Mn – 2150 
Fe – 2862 
Zn – 906 
Cr – 2672 
Figure 6-19 shows the main alloying elements existent in each grade of 
aluminium and the respective applications and mechanical strength. 
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Figure 6-19: Applications and mechanical properties of different grades of 
aluminium (BOC, 2007). 
The reasons for the choice of the aluminium grades are below: 
AA4043 – The melting temperature of this wire is lower than the other series of 
aluminium alloys. Welding with this wire produces bright welds due to the high 
wettability. Silicon is known to be a good alloying element to use in the joining of 
Al to Cu. On the other hand, the metal supplier doesn’t recommend the use of 
this wire to weld AA5083 because of the high content of Mg which together with 
the Si from the welding wire form Mg2Si IMCs, reducing the ductility of the joint 
and increasing the crack sensitivity. 
AA4047 – The higher content in silicon (compared to 4043 welding wire) 
decreases the melting temperature of the alloy and increases the fluidity. The 
reason for using this wire is that a good wettability is achievable with lower 
welding temperatures. Therefore, the reaction between Al and Cu can be 
minimal. On the other hand, a good stirring in the melt pool is enhanced with this 
wire due to the higher fluidity. This may be either a disadvantage or an advantage. 
The former because higher reaction between Al and Cu is permitted and the latter 
 
 
144 
 
because even though the reaction is higher, the IMCs to be formed would be 
spread in a matrix of aluminium. 
AA5087 – This wire contains magnesium and manganese. The grade of this 
welding wire is similar of the base material (for the joining of the final application).  
This welding wire contains more than 3% of Mg so it is less prone to cracking. 
Welding with less than 1% of Si and Mg the weld tend to crack in the HAZ due to 
a mechanism called liquation cracking if high heat inputs are used.  
AA2319 – This wire contains copper as main alloying element. This series of 
aluminium is considered to be unweldable and tend to crack when using fusion 
welding processes due to the formation of Al-Cu IMCs (BOC, 2007). Despite the 
limitations, this welding wire was chosen so that the Al-Cu IMCs could be 
analysed. 
CuSi3 is widely used in the automotive industry because of its lower melting 
temperature compared to other steel wires (ER 70-S6). The lower melting 
temperature results in the welding process with higher travel speeds, better 
wetting, better gap bridging and excellent corrosion resistance. 
6.4.1.2 Methodology and experimental setup 
In order to assess the viability of using copper as interlayer with CMT brazing 
process and study the interaction of Al-Cu-Fe, the metal configuration was 
chosen according to their melting temperatures, the lowest melting temperature 
on the top (see Figure 6-20). It is important to have Al-rich IMCs because they 
are less hard than the Cu-rich IMCs. Different techniques have been tried to 
increase the mechanical strength of the Al-Cu joints. Enrichment of the Al 
percentage in the fusion zone is one example (Klages, 2006) and then the control 
of the energy which has been done in this work. 
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Figure 6-20: Material configuration used in the CMT brazing experiments with 
steel, copper and aluminium. 
The experimental setup in use is similar to the one already described in section 
6.3.1.2. The surfaces of the steel plates were ground using a manual angle 
grinder with abrasive disks to remove the protective coating and oxides, followed 
by a manual belt grinding machine to smoothen the surface of the substrate. Just 
before welding, the plates were degreased with acetone. 
The deposition of several parallel beads of CuSi3 onto the DH36 steel plate was 
also part of the sample preparation. These beads were produced using virtually 
identical welding conditions, viz. welding wire, torch angles and position, travel 
speed, wire feed speed, shielding gas composition and flow rate. The welding 
parameters were chosen to allow copper to braze steel and thus, have minimal 
interaction between these two metals (see Table 6-11). If the diffusion of Fe into 
Cu is minimized during the deposition of the first layer, then the reaction between 
Fe and Al and the Fe-Al IMC formation during the deposition of the second layer 
is unlikely to happen.  
Table 6-11: CMT welding parameters for the deposition of the first layer (CuSi3 
onto DH36). 
CMT mode 
Travel 
speed, 
m.min-1 
Wire feed 
speed, 
m.min-1 
Shielding 
gas @ 
22 l.min-1 
Average 
power,  
W 
Arc 
energy, 
J.mm-1 
Average 
heat input  
(η=0.85), 
J.mm-1 
C0878 0.5 9.0 Argon 3385 406.2 345.3 
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The shielding gas used in the welding process was 100% Argon with 22 l.min-1 
of flow rate (this shielding gas is recommended by the supplier of the welding 
wire). The selected welding mode was one of the various available developed by 
Fronius to weld CuSi3.  
Figure 6-21 indicates that the energy of the process in consecutive welds under 
similar welding conditions using the CMT welding process was uniform. This 
characteristic and the stability of the welding process are beneficial to the 
repeatability of the experiments.  
 
Figure 6-21: Graphical representation of the heat input of the CMT process in the 
deposition of each copper layer onto steel. 
Eleven parallel copper weld beads were deposited onto each steel plate to allow 
eleven experiments per plate. The temperature between welds was controlled to 
ensure that the next layer was deposited at the same bulk temperature, about 30 
°C. For this purpose, a thermocouple was attached to the steel surface and the 
temperature was monitored in the thermocouple reader. 
The second layer counting from the steel substrate was built by deposition of 
aluminium onto copper. Before brazing, the copper weld seams were cleaned 
with a fine grit Scotch-BriteTM hand pad to remove the oxides and then cleaned 
with acetone.  
Four different aluminium grades were used to braze the copper weld beads 
(AA2319, AA4043, AA4047 and AA5087) and different energy levels were 
created by changing the welding modes (standard CMT, CMT + Pulsed, CMT 
Advanced and CMT Advanced + Pulsed) and wire feed speeds (5.0, 5.5 and 6.0). 
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Figure 6-22 shows a schematic representation of the welding conditions used for 
the deposition of different aluminium alloys on CuSi3. 
 
Figure 6-22: Schematic representation of the CMT welding conditions used in the 
deposition of the second layer (aluminium onto CuSi3). 
The CMT remote control unit (RCU) contains several welding programs for 
different welding modes and materials. For each welding mode and material, 
Fronius has adjusted the synergic curve (wire feed speed versus voltage and 
current) to improve the quality of the welds. Therefore, in each welding mode or 
material chosen, the energy transferred to the work piece is different. To avoid 
this situation and keep the energy constant for each welding mode, only one 
program was chosen. Therefore, the CMT welding modes represented in blue in 
Figure 6-22 are all programmed for AlSi5 aluminium welding wire, except the 
welding modes C0875 and C879+P (represented with green) which are suitable 
for AlMg5 or AA5356 welding wire. 
Each layer of aluminium was brazed onto copper with a travel speed of 0.5 m.min-
1 and shielded with 100% Argon with a flow rate of 20 l.min-1. The travel speed 
was the maximum which could be used with the VPPA2 manipulator. More details 
about the average power, arc energy and heat input calculated based on the AMV 
4000 arc watch system measurements can be found in Table 6-12. 
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Table 6-12: CMT welding parameters used in the deposition of the second layer 
(aluminium onto CuSi3). 
CMT mode 
Travel 
speed, 
m.min-1 
Wire feed 
speed, 
m.min-1 
Welding 
wire 
Average 
power,  
kW 
Arc energy, 
J.mm-1 
Average 
heat input  
(η=0.85), 
J.mm-1 
C0876 0.5 
5.0 
AA2319 1.694 203.3 172.8 
AA4043 1.708 205.0 174.3 
AA4047 1.671 200.5 170.4 
AA5087 1.414 169.7 144.2 
5.5 
AA2319 2.268 272.2 231.4 
AA4043 2.261 271.3 230.6 
AA4047 2.016 241.9 205.6 
AA5087 2.043 245.1 208.3 
6.0 
AA2319 2.815 337.8 287.1 
AA4043 2.840 340.8 289.7 
AA4047 2.770 332.4 282.5 
AA5087 2.542 305.0 259.3 
C0880+P 0.5 
5.0 
AA2319 2.173 260.7 221.6 
AA4043 2.189 262.7 223.3 
AA4047 2.472 296.6 252.1 
AA5087 2.010 241.2 205.0 
5.5 
AA2319 2.523 302.8 257.4 
AA4043 2.493 299.2 254.3 
AA4047 2.857 342.8 291.4 
AA5087 2.259 271.0 230.4 
6.0 
AA2319 2.868 344.1 292.5 
AA4043 2.828 339.4 288.5 
AA4047 - - - 
AA5087 2.558 306.9 260.9 
C1368 Adv 0.5 
5.0 
AA2319 1.178 141.3 120.1 
AA4043 1.151 138.2 117.5 
AA4047 1.158 139.0 118.2 
AA5087 1.058 127.0 108.0 
5.5 
AA2319 1.480 177.6 151.0 
AA4043 1.472 176.7 150.2 
AA4047 1.490 178.8 152.0 
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CMT mode 
Travel 
speed, 
m.min-1 
Wire feed 
speed, 
m.min-1 
Welding 
wire 
Average 
power,  
kW 
Arc energy, 
J.mm-1 
Average 
heat input  
(η=0.85), 
J.mm-1 
AA5087 1.357 162.9 138.5 
6.0 
AA2319 2.582 309.9 263.4 
AA4043 2.541 304.9 259.2 
AA4047 2.523 302.8 257.4 
AA5087 2.330 279.6 237.7 
C1369 
Adv+P 
0.5 
5.0 
AA2319 1.263 151.5 128.8 
AA4043 1.262 151.5 128.8 
AA4047 1.261 151.4 128.7 
AA5087 1.162 139.4 118.5 
6.0 
AA2319 1.367 164.0 139.4 
AA4043 1.401 168.1 142.9 
AA4047 1.454 174.5 148.3 
AA5087 1.405 168.5 143.2 
The comparison of heat input calculated for the different welding modes, wire 
feed speed and welding wires is in appendix B. 
6.4.1.3 Metallographic analysis and microhardness testing 
The metallographic analysis of the samples produced in this section followed the 
procedure described in section 2.3.4. It included sample cutting, mounting in 
resin, grinding and polishing, optical microscopy and macroscopy. The 
identification of the IMCs in the cross-sections was based on SEM and EDS 
results and on binary Al-Cu and ternary Al-Cu-Fe phase diagrams. However, the 
phases identified are only an approximation because the phases in the phase 
diagram were determined assuming equilibrium conditions. The microhardness 
was measured following standard procedure, as described in section 2.3.5. 
However, the load applied to produce the indentations was 50 g instead of 25 g, 
as described before. 
 Results and discussion 
The results from the macro and microscopic analysis carried out on the brazed 
samples are shown in this section. As this study contains many factors (welding 
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wire composition, welding mode, wire feed speed), only a few samples will be 
used for comparison to assess the influence of those factors in the reaction 
between the three main elements (Fe, Cu and Al). 
The first point to be observed is the effect of the welding mode on the morphology 
of the weld seam, keeping the remaining welding parameters constant. The 
pictures in Table 6-13 show that the weld seams produced either with standard 
CMT or pulsed CMT are continuous, whereas the CMT advanced and CMT 
advanced plus pulsed produced discontinuous weld seams. The reason for this 
can be found with the analysis of the voltage and current waveforms of each CMT 
welding mode (Figure 6-23).  
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Table 6-13: Pictures of the weld seams produced with AlSi5 welding wire, WFS = 5.0 m.min-1, TS = 0.5 m.min-1 and different CMT 
welding modes. 
CMT 
mode 
Longitudinal cut Cross-section Top view of the weld seam  
HI, 
J.mm-1 
C0876 
   
174.3 
C0880 
+ P 
  
 
223.3 
C1368 
Adv 
  
 
117.5 
C1369 
Adv + 
P 
  
 
128.7 
 
 
152 
 
The waveforms of the CMT advanced and advanced plus pulsed modes have 
both positive and negative values because of the inversion of the polarity during 
the welding process, characteristic of these two new welding modes. When the 
signal is negative, there is less heating of the substrate and more metal 
deposition. To increase the continuity of the weld seam the travel speed needs 
to be reduced but this would increase the heat input. The reaction between the 
Fe, Cu and Al would be enhanced. It is possible to say that CMT is generally a 
stable welding process, independently of the welding mode in use.  
 
Figure 6-23: Voltage and current waveforms characteristic of (a) CMT standard, 
(b) CMT pulsed, (c) CMT advanced and (d) CMT advanced + pulsed. 
The macrograph of the cross-sectional view of the sample produced with CMT 
pulsed mode shown in Table 6-14 indicates significant interaction of the 
aluminium with the copper. In this condition the heat input generated during the 
(a) (b) 
(c) (d) 
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process was sufficiently high to melt the copper and therefore, the brazing of the 
copper with the aluminium was not achieved. However, with the other three CMT 
modes it was possible to have brazing.  
Table 6-14: Macrographs of the cross-section of the weld seams produced with 
AlSi5 welding wire, WFS = 5.0 m.min-1, TS = 0.5 m.min-1 and different CMT welding 
modes. 
CMT welding 
mode 
HI (η=0.85), 
J.mm-1 
Macrograph 
C0876 174.3 
 
C0880 + P 223.3 
 
C1368 Adv 117.5 
 
C1369 Adv + P 128.7 
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The effect of the composition of the welding wire on the morphology of the weld 
seam is shown in Table 6-15. One can see that the geometry of the aluminium 
weld bead does not have a significant effect. However, with regards to the 
continuity of the weld seam, it seems that the AA4047 and AA5087 welding wires 
tend to produce a more uniform weld seam when compared to the other two 
aluminium alloys (see longitudinal cut of the weld seams). This can be due to the 
slightly lower melting temperature of these two welding wires. 
Table 6-16 and Table 6-17 show the macrographs and the micrographs of the 
aluminium weld beads in a cross-sectional view. The majority of the micrographs 
clearly shows porosity which in most of the cases are caused by the presence of 
hydrogen gas mixed in the molten pool. This problem is very common in arc 
welding of aluminium. Spatter deposited inside the gas nozzle may reduce the 
shielding efficiency which can contribute for the instability of the welding process. 
Hydrocarbons present on the surface of the substrate, such as oil, lubricants or 
paint, can also be a source of the problem. The cleaning of the substrate surface 
or the cutting of the plates with abrasive/cutting discs can leave residues on the 
material which can then be the cause of porosities. 
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Table 6-15: Pictures of the weld seams produced using CMT advanced welding mode (C1368), WFS = 5.0 m.min-1, TS = 0.5 
m.min-1 and different welding wires. 
CMT 
mode 
Longi tudinal cut Cross-section Top view of the weld seam  
HI, 
J.mm-1 
AA2319       
(AlCu) 
  
 
120.1 
AA4043       
(AlSi5) 
  
 
117.5 
AA4047       
(AlSi12) 
  
 
118.2 
AA5087       
(AlMg) 
  
 
108.0 
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Table 6-16: Macrographs of the cross-section of the weld seams produced using 
CMT advanced welding mode (C1368), WFS = 5.0 m.min-1, TS = 0.5 m.min-1 and 
different welding wires. 
Welding wire 
HI (η=0.85), 
J.mm-1 
Macrograph 
AA2319       
(AlCu) 
120.1 
 
AA4043       
(AlSi5) 
117.5 
 
AA4047       
(AlSi12) 
118.2 
 
AA5087       
(AlMg) 
108.0 
 
 
 
157 
 
Macrographs and micrographs of the cross-sections of the welds produced with 
different grades of aluminium by standard and advanced CMT modes are shown 
in Table 6-17. Even though the welds produced by the CMT advanced mode are 
not acceptable due to the discontinuity of the weld seams, these samples were 
also analysed. The aim was to investigate whether due to the lower heat input 
there were less IMCs formed across the weld. 
Table 6-17: Macrographs of the cross-sections of the brazed samples and 
micrographs of the centre of the aluminium weld bead. 
Welding 
mode 
Welding wire 
AA2319       
(AlCu) 
AA4043       
(AlSi5) 
AA4047       
(AlSi12) 
AA5087       
(AlMg) 
C0876 
WFS=5.0 m.min-1 
TS=0.5 m.min-1 
    
    
HI (η=0.85), 
J.mm-1 
172.8 174.3 170.4 144.2 
C0876 
WFS=6.0 m.min-1 
TS=0.5 m.min-1 
    
    
HI (η=0.85), 
J.mm-1 
287.1 289.7 282.5 259.3 
C1368 Adv 
WFS=5.0 m.min-1 
TS=0.5 m.min-1 
    
    
HI (η=0.85), 
J.mm-1 
120.1 117.5 118.2 108.0 
 
 
158 
 
Generally, the aluminium welding wires with copper and low silicon content 
showed less porosity than the aluminium wires with 12% silicon and magnesium. 
These two welding wires are the two with better wetting properties. However, it is 
also visible that when the processing energy increases, either via the increase of 
the wire feed speed or the use a more energetic CMT welding mode, the 
formation of porosity is accentuated. Using AA5087 welding wire it was possible 
to obtain porosity free weld seams but only for low levels of energy (CMT 
standard mode with the minimum wire feed speed). On the other hand, brazing 
with AA4047 welding wire, even with the minimum energy level tends to form 
porosity. 
Since all samples were prepared using similar methodology, the contamination 
does not seem to be the reason for high level of porosity in the weld beads of 
AA4047 and AA5087. Possibly the explanation can be in the alloying elements of 
the welding wires. Generally, the vaporization temperature of the main 
constituents of the wires is higher than 2000 °C except zinc, for which the 
vaporization temperature is about 900 °C. This element is present in both wires 
and therefore, its vaporization can be related with the formation of porosity. 
The presence of porosities can also be attributed to the aluminium oxides. In the 
presence of high temperature and moisture, complex oxide layers are formed on 
the aluminium, especially when alloying elements are magnesium and copper. In 
wet environments a duplex film is formed and one continuous layer is changed to 
hydroxylated film (Aluminum: Properties and Physical Metallurgy, 1984). The 
reaction between solid aluminium and moisture in the atmosphere forms oxides 
and hydrogen. The amount of hydrogen can be greater than the solubility limit 
and therefore this may cause porosity (Yang et al., 2013). 
The effect of arc energy and welding wire composition on IMC formation is 
illustrated in Table 6-18. A higher concentration of IMCs is visible in the optical 
micrographs between the copper layer (orange area) and the aluminium weld 
bead (at the top) when the wire feed speed increased. The optical micrographs 
also indicate that when the CMT process is used with higher wire feed speed 
(higher heat input) the copper layer melts and the reaction between aluminium 
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and copper is more intense and consequently, more IMCs are formed. In this 
case brazing is not achieved. 
Either with 5.0 or 6.0 of wire feed speed, the growth of the IMCs seems to be less 
when AA5087 welding wire is used in the second layer. However, in the 
micrograph correspondent to the sample produced with more energy, there is a 
visible crack near the Al-Cu transition. The reason for the growth of this crack 
may be associated either with the wire composition or the IMCs. The latter doesn’t 
seem to be reasonable justification because the samples welded with AA2319, 
AA4043 and AA4047 aluminium welding alloys have even thicker IMCs and no 
cracks are visible. 
The effect of changing welding modes and wire composition on the IMCs 
formation is illustrated in Table 6-19. In this case, there are no significant 
differences in terms of IMC formation between the two welding modes. 
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Table 6-18: Optical micrographs of the Al-Cu layer transition, CMT welding mode 
– C0876, TS=0.5 m.min-1 and different wire feed speeds and welding wires. 
Welding 
wire 
Wire feed speed, m.min-1 
5.0 6.0 
AA2319       
(AlCu) 
  
HI (η=0.85), 
J.mm-1 
172.8 287.1 
AA4043       
(AlSi5) 
  
HI (η=0.85), 
J.mm-1 
174.3 289.7 
AA4047       
(AlSi12) 
  
HI (η=0.85), 
J.mm-1 
170.4 282.5 
AA5087       
(AlMg) 
  
HI (η=0.85), 
J.mm-1 
144.2 259.3 
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Table 6-19: Optical micrographs of the Al-Cu layer transition, WFS = 5.0 m.min-1, 
TS = 0.5 m.min-1 and different welding modes and welding wires. 
Welding 
wire 
CMT welding mode 
C0876 C1368 Adv 
AA2319       
(AlCu) 
  
HI (η=0.85), 
J.mm-1 
172.8 120.1 
AA4043       
(AlSi5) 
  
HI (η=0.85), 
J.mm-1 
174.3 117.5 
AA4047       
(AlSi12) 
  
HI (η=0.85), 
J.mm-1 
170.4 118.2 
AA5087       
(AlMg) 
  
HI (η=0.85), 
J.mm-1 
144.2 108.0 
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Table 6-20 shows the micrographs by SEM of the samples previously shown in 
Table 6-19. Two levels of IMCs are visible in all samples. Closer to the Al-Cu 
interface there is a type of IMC more compact whereas between this IMC and the 
aluminium the IMCs are spread in a matrix of aluminium. 
It was observed that either brazing with CMT standard or advanced mode, 
AA2319 tends to form a large area of IMCs spread in the matrix of aluminium 
when compared to the other welding wires. The reason for this can be the extra 
6% of copper coming from the welding wire which increases the copper 
concentration in the molten aluminium. However, with regards to mechanical 
strength these IMCs seem to be less harmful than the other closer to the Al-Cu 
interface because they are spread in the matrix of aluminium but can be 
detrimental from a corrosion point of view as Al2Cu may form a galvanic cell within 
the aluminium matrix.  
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Table 6-20: SEM micrographs at the Al-Cu layer transition, WFS = 5.0 m.min-1, TS 
= 0.5 m.min-1 and different welding modes and welding wires. 
Welding 
wire 
CMT welding mode 
C0876 C1368 Adv 
AA2319       
(AlCu) 
  
HI (η=0.85), 
J.mm-1 
172.8 120.1 
AA4043       
(AlSi5) 
  
HI (η=0.85), 
J.mm-1 
174.3 117.5 
AA4047       
(AlSi12) 
  
HI (η=0.85), 
J.mm-1 
170.4 118.2 
AA5087       
(AlMg) 
  
HI (η=0.85), 
J.mm-1 
144.2 108.0 
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The silicon content in the welding wire seems to play an important role on the 
IMC formation. The growth of the IMCs was more intense when the welding wire 
had 12% of silicon than that with only 5% of silicon. The composition of AA4047 
is in the eutectic point which means that the transition between liquid to solidus 
state is immediate and the melting temperature is minimal in this point. Therefore, 
during the brazing process the aluminium wire can remain in liquid state more 
time than the other welding wires with different chemical compositions. 
Consequently, the IMC growth is enhanced. Moreover, the micrograph of the 
sample brazed with AA4043 shows a much smaller band of IMCs spread in the 
aluminium matrix than AA4047. With 5% of Si the molten aluminium starts the 
solidification process at higher temperatures. Since the tendency to form IMCs is 
lower in the solid state than in the liquid state, it is possible that this can be a 
reason for the presence of fewer IMCs under these circumstances. 
A thinner layer of IMCs was observed in the SEM picture of the sample brazed 
with AA5087, which is about 20 µm thick. The IMCs band spread in the aluminium 
matrix is smaller than that of the samples brazed using the AA2319 and AA4047 
welding wires. The thickness of the IMC layers of the welds produced with the 
AA5087 and AA4043 alloys are comparable to each other and are more than 30 
µm thick. In terms of the compact IMCs formed near the Al-Cu interface, they 
seem to be smaller than those compounds observed in the samples produced 
with the other welding wires. 
When comparing welding modes, C0876 and C1368 advanced, one can see that 
the morphology of the IMCs is very similar. However, CMT advanced mode 
seems to produce more IMCs.  
Different microstructures were formed at the centre of the aluminium layer 
produced with different welding wires and similar brazing conditions (see Table 
6-21). The optical micrographs show IMCs in the form of precipitates when using 
wires with Cu, 5%Si and Mg content and IMCs in a form of dendritic structures 
when the welding wire with 12%Si was used. 
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  Table 6-21: Optical micrographs of the centre of the aluminium layers, CMT 
welding mode - C0876, TS=0.5 m.min-1 and different wire feed speeds and 
welding wires. 
Welding 
wire 
Wire feed speed, m.min-1 
5.0 6.0 
AA2319       
(AlCu) 
  
HI (η=0.85), 
J.mm-1 
172.8 287.1 
AA4043       
(AlSi5) 
  
HI (η=0.85), 
J.mm-1 
174.3 289.7 
AA4047       
(AlSi12) 
  
HI (η=0.85), 
J.mm-1 
170.4 282.5 
AA5087       
(AlMg) 
  
HI (η=0.85), 
J.mm-1 
144.2 259.3 
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The increase of energy produces a higher interaction between the aluminium 
welding wire and the copper layer. As a result of the partial melting of the copper 
layer more IMCs are formed within the Al matrix. This situation is more visible 
when AlSi12 is used and there are small clusters of IMCs instead of dendritic 
structures formed under lower energy. The presence of IMCs within the 
aluminium matrix makes the weld bead behave as a composite material and thus, 
the mechanical properties of the weld bead might be better than those of the 
welding wire. 
Elemental mapping by SEM-EDS analysis of the macrosections was done and 
the results are shown in Table E-1 in Appendix E. The pictures show the 
distribution of the main constituent elements of the samples. Beside Al, Cu and 
Fe elements which are the main constituents of the samples, there are also other 
elements present in some of the samples such as Si, Mn and Mg. Mn is part of 
the steel substrate, whereas Si is part of the copper welding wire, reason for it to 
be identified in all samples. However, there is one sample where Si is in higher 
concentration and corresponds to the sample brazed with AlSi12 welding wire. Mg 
was only identified in one sample due to the composition of the welding wire 
(AA5087). 
Similar analysis was carried out with the samples produced with CMT Advanced 
welding mode and the results are shown in Table E-2 in Appendix E. 
Two samples were chosen for analysis of the IMC composition and possible 
phase identification. These samples correspond to the ones processed with the 
lowest energy, i.e. CMT standard (C0876) and advanced (C1368 Adv) modes 
with the minimum wire feed speed of 5.0 m.min-1 (see Table 6-22).  
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Table 6-22: SEM-EDS analysis at the Al-Cu layer transition with accelerating 
voltage of 20 kV. WFS = 5.0 m.min-1, TS = 0.5 m.min-1 and different welding 
modes and welding wires. 
Welding 
wire 
CMT welding mode 
C0876 C1368 Adv 
AA2319       
(AlCu) 
  
HI,   
kJ.mm-1 
172.8 120.1 
AA4043       
(AlSi5) 
  
HI,   
kJ.mm-1 
174.3 117.5 
AA4047       
(AlSi12) 
 
 
HI,   
kJ.mm-1 
170.4 118.2 
25 µm 
25 µm 
25 µm 
25 µm 
25 µm 25 µm 
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Welding 
wire 
CMT welding mode 
C0876 C1368 Adv 
AA5087       
(AlMg) 
 
 
HI,  
kJ.mm-1 
144.2 108.0 
 
The elemental composition of the samples was determined and it is reported in 
Table D-4, Table D-5, Table D-6 and Table D-7 in Appendix D. To simplify the 
identification of the phases, only elements with composition higher than 8% (at.%) 
were considered. Consequently, the results can be represented as indicated in 
Table D-8, Table D-9, Table D-10 and Table D-11. 
With the phase diagrams it is possible to roughly estimate the phases present in 
the welded samples. Several simplifications were done in this process, for 
instance, elimination of elements under 8 at.% and use of phase diagrams which 
are only valid in equilibrium conditions. Therefore, the phases identified in this 
section need to be considered as only approximations. In order to better 
understand the distribution of the phases formed during the brazing process, 
SEM images and EDS analysis were combined, and a graphical representation 
of the phases was produced (see Figure 6-24, Figure 6-26, Figure 6-28 and 
Figure 6-30). It is important to mention that this graphical representation is 
simplified and therefore, small IMC phases identified in the spectrum analysis 
may have been omitted.  
25 µm 
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Figure 6-24: SEM-EDS image and schematic representation of the phases formed 
on the samples brazed using AA2319 (AlCu) welding wire alloy and CMT 
standard (D23). 
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Figure 6-25: (a) Raw data and (b) simplified data from the SEM/EDS spectrum 
analysis of the samples brazed using AA2319 (AlCu) welding wire alloy and CMT 
standard (D23). 
The composition of the blue phase represented in Figure 6-24 is a mix between 
a solid solution of Cu into Al and θ phase ((Al) + ɵ). The proportion of this mixture 
is ⅔ of (Al) and ⅓ of θ. Within the blue phase the variation of composition is not 
significant, about 3 at.%, and it is mainly composed of aluminium. The chemical 
composition of the yellow phase indicates the presence of the mixture composed 
by 1 10  of (Al) and 
9
10  θ. Between the yellow and blue phases there is a green 
region which composition lays between the two previously reported phases. By 
looking at the SEM image, it is believed that the θ phase in this region form a fine 
net shape immersed in the aluminium substrate. This may explain the 
intermediate composition of the green region (about 80 at.% of Al and 20 at.% of 
Cu) in relation with the yellow (about 90 at.% of Al and 10 at.% of Cu) and blue 
(about 70 at.% of Al and 30 at.% of Cu) regions. In terms of mechanical 
properties, it is less detrimental to the joint to have dispersed IMCs in a soft matrix 
of aluminium than only a compact structure of IMCs at the Cu-Al interface. The 
black region represents the copper layer. It is interesting to observe that even 
with a virtually zero interaction of the aluminium wire with copper, characteristic 
of the brazing process, it was not possible to prevent the diffusion of aluminium 
(a) (b) 
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atoms into copper. This is evident in the spectrum analysis which indicates a 
uniform distribution of a dual phase structure composed by ½ of η2 and ½ of ƺ2, 
with about 50 at.% of Al and 50 at.% Cu. In the copper layer it is also visible the 
presence of quaternary phases (represented in red) of Al, Si, Fe and Cu in a 40 
at.%, 10 at.%, 25 at.% and 25 at.%  distribution, respectively. The high Fe content 
in these structures is due to interaction between the Cu and the Fe produced 
during the deposition of the copper layer onto the steel substrate. In the 
macrographs it is visible that the steel surface was partially melted and there is a 
slight penetration of copper into steel. The phase determination is complex and 
therefore, will not be done. In terms of mechanical strength these structures are 
not likely to be detrimental to the joint due to their distribution and morphology. 
A similar approach for the identification of the phases was applied to the other 
three samples produced with different welding wires. The IMCs found in the 
sample brazed with AA4043 (AlSi5) are similar to the ones previously represented 
in Figure 6-24. Compared to the previous sample, the blue region in Figure 6-26 
covers a larger area and based on spectrum analysis, the composition is 7 9  of 
(Al) and 2 9  of θ phase. However, the yellow phase seems to be more compact 
than that of the previous sample and the composition indicates a mixture of 1 8  of 
(Al) and 7 8  of θ phase. The composition of the green area is very similar but with 
higher content of Si. Previously it was 80 at.% of Al and 20 at.% of Cu ((Al) + θ) 
but now with higher percentage of Si mixed with Al and Cu. If Si is excluded from 
the elemental composition, the phase of the green area becomes similar to the 
previous (Al) + θ. If Si is taken into account then a new ternary phase may exist 
but it has not been determined. The green region is much smaller possibly 
because of lack of copper in the welding wire as opposed to the previous 
example. The composition of this green area falls between the blue and yellow 
regions.  
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Figure 6-26: SEM-EDS image and schematic representation of the phases formed 
on the samples brazed using AA4043 (AlSi5) welding wire alloy and CMT 
standard (D12). 
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Figure 6-27: (a) Raw data and (b) simplified data from the SEM/EDS spectrum 
analysis of the samples brazed using AA4043 (AlSi5) welding wire alloy and CMT 
standard (D12). 
The black region is mainly η2 phase instead of the dual phase of η2 and ƺ2 in 
equally proportion as observed in the previous sample. According to the binary 
Al-Cu phase diagram η2 corresponds to a phase with copper ranging from 49 to 
51.5 at.% and in this case the elemental composition is higher than this and thus, 
this point falls in a mix of η2 and ƺ2. 
Some structures were found within the yellow region and they are believed to be 
quaternary phases of Al-Cu-Fe-Si but as before, they have not been identified. 
Figure 6-28 shows the sample brazed with AlSi12 welding wire. By increasing the 
silicon content in the welding wire, long dendritic IMCs (1 10  (Al) + 
9
10   θ) are 
formed at the Al-Cu interface (represented in yellow in Figure 6-28). A distinct 
layer composed by a θ phase was found in this sample and it is represented in 
purple. The concentration of Si in this sample is significant and for this reason it 
was considered in the graphical representation of the IMCs. The blue and green 
zones have now about 11 at.% of Si mixed and for this reason ternary Al-Cu-Si 
(a) (b) 
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phases might be present. However, these phases could not be identified since 
the existent ternary phase diagrams are either for liquidus projection or for high 
concentration of Cu. If Si is excluded from the analysis then the IMCs are very 
similar to the ones previously discussed. A new region represented in orange was 
included in this diagram containing in average 49 at.% of Si. This layer is located 
between the long dendritic IMCs and the green region. 
This sample is by far the one with more IMC formed in the aluminium layer. The 
only difference between this sample and the previous is the Si content which is 
12 at.% instead of 5 at.%. These results suggest that IMC formation is favoured 
by the presence of Si and the reason can be the thermal cycle or related to the 
diffusion of the elements. These results are different from the ones reported by 
Mai et. al. The authors have produced successful joints by pulsed laser welding 
between pure copper and AA4047 without filler material (Mai and Spowage, 
2004). The Al-Cu IMCs were not found in the fusion zone and the composition 
across the fusion zone was uniform with the following elemental composition: 
48%Al + 24%Si + 27%Cu which is apparently a solid solution and the 
microhardness at the Al-Cu interface was about 250 HV. One possible reason for 
the different results can be associated with the welding process. When comparing 
to arc welding, laser pulsed welding permits a faster cooling and solidification of 
the molten pool and the heat transferred to the work piece is lower. 
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Figure 6-28: SEM-EDS image and schematic representation of the phases formed 
on the samples brazed using AA4047 (AlSi12) welding wire alloy and CMT 
standard (D5). 
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Figure 6-29: (a) Raw data and (b) simplified data from the SEM/EDS spectrum 
analysis of the samples brazed using AA4047 (AlSi12) welding wire alloy and CMT 
standard (D5). 
Figure 6-30 and Figure 6-31 shows the microstructure of the sample welded with 
AA5087 aluminium welding wire which contains magnesium as the main alloying 
element and the SEM/EDS spectrum analysis. The IMC phases and their 
distribution across the sample are very similar to the samples welded with Cu and 
5% Si based wires (Figure 6-24 and Figure 6-26). However, there is a thin layer 
at the Cu-Al interface represented in pink which is composed of 7 at.% of Si, 53 
at.% of Al and 40 at.% of Cu. Ternary phases may be existent but if Si is excluded 
then the phase is 2 5  θ + 
3
5  η2. 
 
(a) (b) 
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Figure 6-30: SEM-EDS image and schematic representation of the phases formed 
on the samples brazed using AA5087 (AlMg) welding wire alloy and CMT 
standard (D34). 
 
𝟕
𝟗  (Al) + 
𝟐
𝟗  θ 
(93 at.% Al) 
  
𝟓
𝟗  (Al) + 
𝟒
𝟗  θ 
(86 at.% Al) 
  
𝟏
𝟖  (Al) + 
𝟕
𝟖  θ    
(72 at.% Al) 
  Al-Cu-Fe-Si phase 
  
𝟏
𝟔  θ + 
𝟓
𝟔  η2 
(53 at.% Al) 
  
Al-Cu-Si phase or 
𝟐
𝟓  θ + 
𝟑
𝟓  η2 
(57 at.% Al) 
25 µm 
 
 
178 
 
 
Figure 6-31: (a) Raw data and (b) simplified data from the SEM/EDS spectrum 
analysis of the samples brazed using AA5087 (AlMg) welding wire alloy and CMT 
standard (D34). 
In the literature it was found that direct laser pulsed welds of pure Al and pure Cu 
induced cracking in the fusion zone (Weigl et al., 2011). When using Al-Si12 
welding wire the cracking was almost negligible and with CuSi3 wire the cracking 
was still existent but less than between pure alloys. The authors attributed the 
improvement to the Si existent in the wire and said that the viscosity of the molten 
metal is decreased and thus, the turbulence is higher in the fusion zone and there 
are more fine IMCs dispersed into the weld instead of forming a layer at the Al-
Cu interface. The results presented in this work do not show cracking across the 
weld bead but when the Si content increases not only are there more fine Al-Cu 
IMCs dispersed in the fusion zone but also a thicker layer at the Al-Cu interface 
is formed. One possible reason for the contradictory results could be related to 
the fact that the reported work was done in keyhole mode and thus, both metals 
were melted and formed the fusion zone whereas in the present work the copper 
remained solid and it was brazed by the molten aluminium. Therefore, there is a 
(a) (b) 
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distinct chemical gradient from copper-rich IMCs to the solid solution of Cu into 
Al. 
The microhardness of the four samples in analysis was measured and the results 
are shown in Figure 6-32. One can see that all samples have similar 
microhardness distribution. There are two main areas near the Fe-Cu and Cu-Al 
interfaces where the microhardness is as high as 450 HV. This result was 
expected near the Al-Cu interface because in this region the reaction between 
elements was more intense and new phases were created. In turn, Fe and Cu do 
not form IMCs. One possible reason for the high hardness at the Cu-Fe interface 
can be related to the fact that these two elements are not 100% soluble in each 
other and therefore, maybe this is the reason why the hardness was equally high. 
The microhardness in the steel substrate and the layer of copper ranges between 
150 and 200 HV whereas the top layer of aluminium remains below 100 HV 
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Figure 6-32: Macrographs (a)-(d) and mapping of the microhardness distribution 
(e)-(h) of the samples welded using AA2319, AA4043, AA4047 and AA5087 
welding wires, respectively. Welding parameters: C0876 CMT welding mode, 
WFS = 5.0 m.min-1, TS = 0.5 m.min-1. 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 
(h) 
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It is important to highlight that even though the microhardness distribution is not 
uniform across the samples, the maximum value measured was well below 1200 
HV of the hardness measured in the Fe-Al joints. 
 Summary 
The investigation of IMC formation when depositing four different grades of 
aluminium wire onto copper by CMT arc welding showed that: 
 It was possible to produce sound welds with copper interlayer between 
steel and aluminium using CMT welding process; 
 There is no benefit in using CMT advanced and advanced plus pulsed 
welding modes because the welds are discontinuous for the speed used 
and the Al-Cu IMCs are not avoided. The standard and pulsed CMT 
welding modes produce continuous weld seams but the first has lower arc 
energy which is beneficial to minimize the formation of IMCs  
 Higher levels of WFS improves the wetting of aluminium on copper layer 
but the higher arc energy enhances the formation of IMCs; 
 Al-Cu IMCs were identified in all samples and the majority were a mix of 
(Al) with ɵ phase on the aluminium layer and ɳ phase on the copper layer; 
 Scattered Al-Cu-Fe IMCs were identified within the copper layer but they 
are not detrimental to the weld strength because of their morphology and 
distribution within the metal; 
 The growth of the IMCs seems to be influenced by the composition of the 
welding wire. The minimum IMCs were observed for AA4043, followed by, 
AA5087, AA2319 and the largest area of IMCs was observed for AA4047 
correspondent to the maximum Si content; 
 There was no difference in the microhardness mapping in the samples 
brazed with different aluminium alloys. In the aluminium and copper layers 
the hardness ranged between 50 – 100 HV and 100 – 200 HV, 
respectively. The maximum value was measured at Fe-Cu and Cu-Al 
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interface and it was about 450 HV. The hardness was much lower than 
1100 HV measured on direct welds of steel to aluminium. 
 Conclusions 
Different methodologies were investigated in this chapter for the application of 
copper interlayer between steel and aluminium using laser welding and CMT 
welding. The aim was to use copper as physical barrier to prevent the reaction of 
Fe and Al. The feasibility of each methodology was assessed based on 
mechanical properties of the welds and supported by SEM and EDS analysis to 
determine the extension and identity of the IMCs. The following conclusions were 
taken from this work: 
Application of copper interlayer in different forms using laser welding in 
conduction mode 
o Mechanical strength of samples produced with copper interlayers is low 
(most of the samples broke during cutting) 
o Foils of 25 µm and 150 µm can prevent the diffusion of Fe into Al near the 
edges of the fusion zone. However, in all welding conditions tested the 
foils were totally melted at the centre of the joint and Fe-Al IMC were 
formed.   
o The best form of copper interlayer was with a welding wire inserted in a 
groove 0.4 mm deep. The joints were stronger and the copper was not 
completely melted. However, Fe-Al IMCs were found near the edges of 
the Cu wire  
o To improve the mechanical strength of these joints the thickness of the 
interlayer must be optimized and the gap between the steel and the 
aluminium plates must be eliminated. 
Deposition of CuSi3 welding wire with CMT onto aluminium substrate 
o CMT can be easily used to deposit copper onto aluminium and join steel 
to aluminium; 
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o If arc energy is controlled to a minimum level (less than 260 J.mm-1) then 
it is possible to have only Al-Cu IMCs scattered in the fusion zone of 
aluminium whereas the copper weld bead is a solid solution of Al in copper; 
o If the arc energy is too high (more than 260 J.mm-1) then the copper weld 
bead is completely transformed in AlCu2. In this case the weld is very brittle 
and cracking occurs. 
Deposition of different grades of aluminium welding wire with CMT onto a layer 
of copper 
o It is possible to weld aluminium onto copper and produce sound welds, 
with low formation of Al-Cu IMCs 
o This technique minimizes the formation of Fe-Al IMCs. There are only 
scattered IMCs spread in the Cu layer; 
o The hardness on the samples with copper interlayer was lower than that 
on direct joints of steel to aluminium, less than 400 HV compared to 1100 
HV; 
o The welding mode and wire feed speed are directly related to the arc 
energy and therefore, are important factors in the Al-Cu IMCs formation; 
o The composition of the welding wire affects the formation of the Al-Cu 
IMCs. High Si content in the welding wire enhances the growth of the IMCs 
whereas the Mg and low Si content minimizes their formation. Higher Cu 
content in the aluminium layer when AA2319 welding wire is used 
enhances the growth of fine IMCs distributed. 
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7.0 Innovative design and laser welding process 
control for dissimilar metal processing of T-joints of 
steel to aluminium 
In the previous chapters, successful lap welded joints with steel positioned on the 
top of aluminium were investigated, for which the maximum tensile load was more 
than 30 kN. The Fe-Al IMC layer thickness and the bonding area were correlated 
to the mechanical strength of the joints for different laser welding conditions. In 
the present section the aim is to join steel to aluminium in a T-joint configuration 
and to use a similar welding technique in addition to an innovative design, aiming 
to maximize the mechanical strength of this joint. This process could be an 
alternative solution for the Triclad® bar (Tricarico et al., 2009), i.e. the transition 
joint used to join dissimilar metals with thick sections, and could benefit in 
processing time and cost. It is shown that a T-joint having a groove on the flat 
plate where the vertical plate is inserted has a better resistance at tension than 
the traditional T-joint configuration. The power density and interaction time were 
adjusted to this new joint configuration to ensure that the laser was in conduction 
mode and the bonding occurred between solid (Fe) – liquid (Al) phases. The 
combination of the laser welding strategy with the innovative design for the T-joint 
enables an improvement on the mechanical strength. 
The objectives of this work are as follows: 
 Use an alternative joint design to produce Fe-Al T-joints without the Triclad 
bar and to apply the methodology previously used to produce laser welded 
Fe-Al joints in a lap joint configuration. For this to be possible, the steel 
(horizontal plate) will have a groove in which the aluminium plate will be 
inserted. 
 Assess the joint integrity and quality in terms of cracking, porosity and IMC 
layer formation under different welding conditions (power density and 
interaction time). 
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 Experimental procedure 
 Material 
Low-carbon steel (grade DH36) and AA5083-H22 aluminium alloy plates with 6 
mm thickness were used. Both materials are used in shipbuilding. The chemical 
composition and mechanical properties of the materials are indicated in Table 7-1 
and Table 7-2, respectively. The plate’s dimensions were 250 mm long and 200 
mm wide.  
Table 7-1: Chemical composition of base metals. 
Materia
l 
Elements (wt. %) 
Al Fe C Si Mn P+S Ni Ti Cu Mg Zn Cr Other 
DH36 0.035 Bal. 0.14 0.39 1.37 0.025 0.017 0.002 0.010 - - 0.018 0.031 
5083-
H22 
Bal. 0.400 - 0.400 0.500 - - 0.150 0.100 
2.600
-
3.600 
0.200 0.300 - 
Table 7-2: Mechanical properties of the base materials. 
Material 
Yield 
strength             
[MPa] 
Ultimate tensile 
strength [MPa] 
Total elongation [%] 
DH36 355 490 - 620 
22 (at 50 mm of 
gauge length) 
5083-H22 250 337 8 
Before welding the steel plates were ground to remove the coating protection and 
degreased with acetone, whereas the aluminium plates were linished to remove 
the oxide layer (alumina) and cleaned with ethanol. 
A 6.2 mm wide and 4.0 mm deep groove was machined at the centre of each 
steel plate into which the aluminium plate was tightly inserted. 
 Methodology and Experimental Setup 
Laser conduction welding of steel to aluminium was previously studied in a lap-
joint configuration. The welding parameters were adjusted so that the steel 
remained solid at the joint interface and only the aluminium was melted during 
the process, as represented in Figure 7-1. In this work an identical joining 
principle was applied to the T-joint configuration (see Figure 7-1). 
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Figure 7-1: Schematic representation of laser conduction welding of steel to 
aluminium transfer from lap-joint to T-joint configuration. 
In order to transfer the study done in lap joint configuration to the new T-joint 
configuration it was necessary to take into consideration the joint design. The T-
joint design should allow the weld to be done with the laser in conduction mode, 
with steel positioned onto the aluminium and a 2 mm thick steel to produce solid-
liquid interface between steel and aluminium during the joining process. 
Moreover, the brittle IMC layer formed at the joint interface requires a T-joint with 
a minimum stress at this point. Researchers have investigated the distribution of 
the intensity of stresses developed during tensile testing in different joint designs 
of brazed T-joints (Tsumarev et al., 2014). They have showed that the maximum 
stresses on the brazed joint are 48% lower when the vertical plate is inserted in 
a rectangular groove machined in the horizontal plate than when a standard T-
joint is used. Further improvement is still possible if fillet welds are used instead 
of the groove. In this situation the stresses in the brazed joint are reduced 
approximately 30% in comparison with the joints with the groove. 
The clamping system was designed to permit the laser to irradiate the top of the 
steel plate and produce a seam weld along the plate between the steel and the 
aluminium (see Figure 7-2). The bolts tighten with a torque wrench along the top 
plate to ensure constant pressure along the joint and virtually zero gap between 
the steel and the aluminium plates which is important for an effective heat transfer 
from the steel to the aluminium plate.  
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Figure 7-2: Experimental setup for laser welding of steel to aluminium in a T-joint 
configuration. (a) General view of the setup, (b) lateral and (c) top view of the 
clamping system and (d) schematic representation of the welding process. 
(a) 
(b) 
(c) 
  
Aluminium 
Steel Bonding 
Laser (d) 
Welding head of the 8 
kW fibre laser 
6 + 1 axis Fanuc robot 
Fume extraction 
Clamping system for 
the T-joints 
Top plate of the 
clamping system 
Aluminium plate 
(vertical position) 
Top plate of the 
clamping system 
Steel plate (horizontal 
position) 
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No welding flux or shielding gas was used during the experimental work. The 
welding flux would create a thermal barrier between the steel and the aluminium 
plates which could be detrimental to the joining process. The use of the shielding 
gas is not required in this joint configuration because the weld is mechanically 
protected. 
The same laser was used in these experiments (see details in section 2.3.3). All 
the tests were carried out with constant and defocused laser beam diameter of 
13 mm. In the previous chapters it was found that a balance between IMC layer 
thickness and bonding area is required to achieve a strong joint. The thermal 
model showed that the power density is responsible for a much higher change in 
temperature than the interaction time. Even though a thicker IMC layer is formed 
when processing with higher temperatures there is also the advantage of creating 
a larger bonding area. Based on these findings, the laser parameters were 
chosen so that the specific point energy was similar but the power density was 
higher. The welding parameters can be found in Table 7-3. 
Table 7-3: Welding parameters for Fe-Al T-joints. 
 
Test 
no. 
System parameters Fundamental material interaction parameters 
Laser power, 
kW 
Travel 
speed, 
m.min-1 
Power 
density, 
MW.m-2 
Interaction 
time, s 
Specific point 
energy, kJ 
T5 5.5 0.50 41.44 1.56 8.58 
T6 5.0 0.40 37.67 1.95 9.75 
T7 5.0 0.33 37.67 2.36 11.82 
T8 5.0 0.50 37.67 1.56 7.80 
T9 5.5 0.40 41.44 1.95 10.73 
T10 6.5 0.50 48.97 1.56 10.14 
T11 5.0 0.50 37.67 1.56 7.80 
T12 6.5 0.50 48.97 1.56 10.14 
T13 5.0 0.33 37.67 2.36 11.82 
T14 6.0 0.40 45.20 1.95 11.70 
T15 6.0 0.50 45.20 1.56 9.36 
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 Metallurgical characterization 
For macrostructure and microstructure observations of the joint, two samples 
were taken across the 230 mm long weld seam (Figure 7-3). 
 
Figure 7-3: Schematic representation of the position where the samples for 
metallographic analysis were machined out from the T-joint. 
The samples were ground and polished according to standard procedure (see 
section 2.3.4). Micrographs of the cross-section were taken with the lowest 
magnification of the optical microscope (2.5x objective) to investigate major 
defects on the weld, such as porosity or cracking. Microsoft ICE (Image 
Composite Editor) software was afterwards used to compose the whole 
macrograph of the T-joint (see Figure 7-4).  
 
Figure 7-4: Composition of individual micrographs into a macrograph using 
Microsoft ICE software. 
Sample 
B 
Sample 
A 
Individual micrographs Composed macrograph 
Microsoft ICE 
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For the microstructure analysis nine micrographs with a magnification of 40x were 
taken along the joint using an optical microscope. 
 Results and discussion 
The results presented in this section refer to the cross-sections of the T-joints. 
 Macrostructural analysis – Weld aspects 
Laser conduction welding of steel to aluminium has successfully been transferred 
from the lap-joint configuration to the T-joint (see Figure 7-5). The weld seams 
along the joints were uniform, no defects were observed and no gaps between 
the steel and the aluminium were visible. The groove machined on the steel plate 
seems to favour the Fe-Al joint strength. A small distortion on the steel plate was 
observed in all samples after welding causing a mechanical lock of the aluminium 
plate. This effect was found to be beneficial to the integrity of the joint since it 
contributes to a better clamping of the aluminium plate (vertical plate). 
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Figure 7-5: Pictures of dissimilar metal Fe-Al T-joints after laser welding in (a) 
perspective view and (b) side view. 
The macrographs of the samples are shown in Table 7-4. One can see that there 
was more melting of the edge of the aluminium plate when the specific point 
energy was higher, either by increasing the power density or the interaction time. 
For instance, when the joint was produced with Esp = 7.8 kJ the edge of the 
aluminium was completely flat. On the contrary, when higher levels of energy 
were used the edge of the aluminium plate became more round. This could 
indicate a more effective wetting of the groove by the molten aluminium and 
therefore stronger bonding. However, the joints produced with more energy were 
more susceptible to cracking at the Fe-Al interface. The tensile-compressive state 
at the Fe-Al interface resultant from the welding process could be the reason for 
the cracking along the joint interface. For this reason, the higher the energy level, 
the higher the cracking. On the other hand, no porosity was observed in any of 
the welded specimens. 
(a) 
(b) 
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Table 7-4: Cross-sectional view of Fe-Al T-joints welded with different welding 
parameters. 
 
PD, MW.m-2 
(P, kW) 
37.7 
(5.0) 
41.4 
(5.5) 
45.2 
(6.0) 
49.0 
(6.5) 
ti, s 
 
(TS, 
m.min-1) 
1.56 
 
(0.50) 
 
 
 
 
(E
sp
=7.8 kJ) 
 
 
(E
sp
=8.6 kJ) (E
sp
=9.4 kJ) (E
sp
=10.1 kJ) 
1.95 
 
(0.40)  (Esp=9.8 kJ) (Esp=10.7 kJ) (Esp=11.7 kJ) 
- 
2.36 
 
(0.33) (Esp=11.8 kJ) 
- - - 
However, there is one particular case corresponding to the joint welded with the 
minimum energy (Esp=7.8 kJ) which showed good bonding between the steel and 
the aluminium (see Figure 7-6). At the edge of the aluminium plate where the 
bonding occurs, there is no cracking (this is observed in Figure 7-6 micrograph 
3-C). This indicates a sound bonding between the two alloys. The mechanical 
lock resultant from the residual stresses is clear in micrographs 1-L and 1-R of 
the same figure. The corners of the groove (micrographs 3-L and 3-R) were filled 
with molten aluminium but there are still small gaps on the sides which require 
further improvement. A new design of the groove would be recommended to 
improve the flow of the molten aluminium and thus, improve the bonding between 
both metals. Lack of fusion/wetting is also observed on the sides of the groove 
(micrographs 2-L and 2-R). The small gap between the side of the groove and 
the aluminium plate forced the molten aluminium to flow upwards by capillarity. 
Rapid cooling of the molten aluminium happens when it touches the colder 
3 mm 
3 mm 3 mm 3 mm 
3 mm 3 mm 3 mm 3 mm 
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surfaces. The micrograph 2-L in Figure 7-6 shows solidified aluminium between 
the steel and the aluminium gap, inside the groove. 
 
Figure 7-6: Micrographs of the Fe-Al interface at different positions - top, middle 
and bottom lines, at the centre, left and right hand side. 
 Microstructural analysis – IMC layer 
Similar to what was previously observed in laser welding with the plates in overlap 
configuration and steel positioned on the top, in the T-joint configuration a 
continuous layer of IMCs was also formed (Meco et al., 2015)(Meco et al., 2014). 
In both joint configurations the energy of the process was controlled to produce 
partial melting of the steel and simultaneously melting of the aluminium. Under 
this condition the reaction between Fe and Al was restricted and the formation of 
the IMC was minimized. Table 7-5 shows the micrographs of the IMC layer at the 
bottom Fe-Al interface at the centre of the weld where the IMC layer is thicker 
(position 3-C). 
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Table 7-5: Micrographs of the Fe-Al T-joints welded with different welding 
parameters. Micrographs taken at position 3-C which corresponds to the centre 
of the Fe-Al interface. 
 
PD, MW.m-2 
(P, kW) 
37.7 
(5.0) 
41.4 
(5.5) 
45.2 
(6.0) 
49.0 
(6.5) 
ti, s 
 
(TS, 
m.min-1) 
1.56 
 
(0.50) 
 
 
 
 
 
 
(E
sp
=7.8 kJ)  
 
(E
sp
=8.6 kJ)  (E
sp
=9.4 kJ)   (E
sp
=10.1 kJ) 
1.95 
 
(0.40) 
 
 
 (E
sp
=9.8 kJ)  
 
(E
sp
=10.7 kJ)  
 
(E
sp
=11.7 kJ)  
- 
2.36 
 
(0.33)  
(E
sp
=11.8 kJ) 
- - - 
The micrographs show that the IMC layer thickness grows as the specific point 
energy increases either via power density or interaction time. Similar behaviour 
was observed in laser conduction welding of steel to aluminium in lap-joint 
configuration, where the growth of this layer was studied with the variation of 
power density, interaction time and specific point energy. 
The micrographs showed in Table 7-6 permit the comparison of the IMC layers 
formed in the T-joint and lap-joint configurations for similar welding conditions. 
Even though the IMC layer thickness was not measured in all the T-joint samples 
(due to the crack developed along the IMC layer) it seems that the IMC layer 
growth follows a similar trend to that found in the lap-joints. For both joint 
100 µm 
100 µm 100 µm 100 µm 
100 µm 100 µm 100 µm 
100 µm 
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configurations, the thickness of the IMC layer of the samples welded with the 
minimum energy was less than 5 µm. For higher value of energy, the IMC layer 
is thicker and shows the Fe2Al5 layer near the steel (with uniform thickness) and 
the irregular and needle shape FeAl3 on the aluminium side. However, the FeAl3 
formed in the T-joint configuration was more irregular than that observed in the 
lap-joint. This may be due to different cooling rates existent in both joint 
configurations. In lap-joint configuration the contact area between the steel and 
the aluminium plates is larger than that in the T-joint configuration, 46 mm against 
6 mm, respectively. Therefore, one would expect the cooling time to be longer in 
the T-joint configuration which allows the FeAl3 phase to grow more. 
Table 7-6: Comparison between the IMC layer formed in the lap-joint and T-joint 
configuration with similar welding conditions. 
T-joint configuration 
P = 5 kW 
TS = 0.50 m.min-1 TS = 0.40 m.min-1 TS = 0.33 m.min-1 
ti=1.56 s PD=37.7 MW.m
-2 Esp= 7.8kJ ti=1.95 s PD=37.7 MW.m
-2 Esp=9.8 kJ ti=2.36 s PD=37.7 MW.m
-2 Esp=11.8kJ 
 
 
 
  
Lap-joint configuration 
P = 5 kW 
TS = 0.40 m.min-1 TS = 0.35 m.min-1 TS = 0.30 m.min-1 
ti=1.95 s PD=37.7 MW.m-
2 Esp=9.8 kJ ti=2.23 s PD=37.7 MW.m
-2 Esp=11.1kJ ti=2.60 s PD=37.7 MW.m
-2 Esp=13.0kJ 
   
The micrographs also show cracks along IMC layer only on the T-joints. The 
reason why the cracks are present in the T-joints is because in this joint 
100 microns 
Steel 
IMC layer thickness = 2 µm IMC layer thickness > 26 µm 
Al 
Steel 
Al 
Steel 
Al 
IMC layer thickness > 15 µm 
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configuration there is a tensile-compressive state at the joint interface, between 
the steel and aluminium inside the groove, resultant from the welding process to 
which the brittle Fe-Al IMCs are not able to resist. 
 Summary 
In this work the feasibility of producing sound dissimilar metal Fe-Al T-joints with 
laser conduction welding and joint design were studied. The methodology 
previously used to produce laser welded Fe-Al joints in lap joint configuration was 
applied to the new T-joint configuration. In order to transfer the methodology from 
the lap joint configuration to the T-joint in this new joint design it was required a 
groove on the steel plate (horizontal plate) in which the aluminium plate was 
inserted. Several welding parameters were tested and the cross-section of the 
joints were analysed. The results showed that: 
 It is possible to transfer the technique of laser welding from lap-joint to T-
joint configuration and still have the solid-liquid joint interface required to 
form a thin intermetallic compound layer; 
 The intermetallic compound layer thickness found on the T-joints was 
similar to the lap-joints but with more cracking due to small distortion of the 
steel plate; 
 The strength of the T-joints was improved due to the mechanical lock 
created by the residual stresses/distortion resultant from the welding 
process – Even though some samples were cracked at the Fe-Al interface 
the T-joints were still bonded; 
 Defect free T-joints were produced with minimum power density (37.7 
MW.m-2) and interaction time (1.56 s). In this case the intermetallic 
compound layer thickness was less than 5 µm; 
 In order to improve the wetting of molten aluminium on steel inside the 
groove and reduce cracking it is suggested further investigation of the 
groove geometry; 
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 This technique seems to be a feasible alternative to the Triclad transition 
joint. However, mechanical tests should be done to quantify the strength 
of the laser welded T-joints. 
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8.0 Conclusions and Future Work 
The findings of the thesis are summarized and the most important points of the 
project are highlighted and discussed in this chapter. This section also contains 
a list of recommendations for future work which result from the experimental work 
presented in this thesis.  
 Thesis Summary 
Joining of steel to aluminium is difficult not only because of the dissimilarities in 
thermo-physical properties of both metals but also due to the formation of brittle 
IMCs in the joint zone. The combination of these factors usually lead to joints with 
poor mechanical strength. Nowadays in shipbuilding a transition bar, half 
aluminium and half steel, is used in joining of thick plates of steel and aluminium. 
The transition bar is made by explosion bonding. The advantage associated with 
the use of the transition bar is the negligible formation of IMCs during the joining 
process. However, this bar brings additional cost, logistic issues and extra time 
to produce the 4 welds instead of the 2 needed to assemble the whole structure 
which could alternatively be done by direct joining of steel to aluminium. 
The research in dissimilar metal joining is extensive and it has been focused 
either in the formation and growth of the IMC layer or in controlling the IMCs using 
different joining processes. Moreover, the majority of the research is focused in 
the automotive industry where thin materials are used. It was found that 
temperature at the joining interface and heating time are the main factors in the 
Fe-Al IMC layer growth.  
Several methodologies were investigated in this work in an effort to understand 
and thus control the mechanism of formation of the IMCs and their effect on the 
mechanical properties of the dissimilar metal joints: 
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 Effect of laser welding parameters on IMC formation and bond strength 
In the first stage of the project direct joining of steel to aluminium was 
investigated. Laser welding was used in this work because it permits good control 
of the energy transferred to the material and therefore, the thermal cycle applied 
to the substrate. In laser welding the heat source is concentrated in a small spot 
with high energy density therefore, the welds have a small heat affected zone. 
This process also gives high flexibility to produce different joint configurations and 
better control of the dilution of the metals. 
The objective was to minimize the diffusion of Fe and Al atoms and thus, minimize 
the IMC formation. The joints were produced in a lap joint configuration with steel 
positioned on top. The heat resulting from the interaction of the laser with the 
steel was conducted through the thickness of the steel plate and induced melting 
of the aluminium near the interface whereby aluminium wets the steel surface 
creating bonding between the plates. The joint was produced by wetting the steel 
near the interface with molten aluminium. 
Most of the researchers focused their research on the laser system parameters 
viz. the laser power (P), travel speed (TS), and spot size (Dbeam) where the effect 
of spot size is often disregarded. These system parameters are interdependent 
and the variation in resulting thermal cycle is not a simple function of either of 
these parameters. This also may cause non-reproducibility of results due to 
difference in individual laser characteristics. In order to overcome this, power 
density (PD), interaction time (ti), and speciﬁc point energy (Esp) were introduced 
in this study as fundamental laser material interaction parameters (FLMIP), and 
the dependency of joint strength and IMC layer on the FLMIP was analysed. The 
FLMIPs are calculated based on the system parameters and correspond to the 
physical interaction of the laser energy with the material. 
The study showed that a continuous layer was formed during laser welding 
between the steel and aluminium plates. The layer was composed of two distinct 
IMCs, Fe2Al5 near the steel side and FeAl3 on the aluminium side. The study also 
showed that the IMC layer grows exponentially with the specific point energy 
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when the thickness is less than 20 µm. However, the growth became sluggish 
when the IMC layer was thicker than 20 µm. 
The results suggested that a balance between area of wetting, or bonding area, 
and IMC layer thickness is required to produce a strong joint. The linearity 
between load and bonding area is not observed in the dissimilar metal joints due 
to the presence of the IMC layer. These factors are dependent of the thermal field 
generated during the welding process. Power density seems to be the parameter 
which most affects the growth of the IMC layer and the wetting area, whilst 
interaction time seems to have less contribution. A finite element (FE) thermal 
model developed to predict the thermal cycle in the centre of the weld and at the 
interface between the steel and aluminium plates showed that when power 
density rises, the peak temperature at the Fe-Al interface increases and the 
bonding area becomes larger. Simultaneously, the thermal cycle also enhances 
the growth of the IMC layer. The results also indicated that there is a trade-off 
between bonding area and IMC layer thickness on bond strength. In the 
mechanical tensile shear test all specimens had interfacial failure. However, the 
maximum strength measured was as high as 31 kN (600 N.mm-1) and the 
specimen showed some amount of plasticity. 
 Study on the feasibility of using an interlayer of copper to prevent the 
Al-Fe reaction in laser welding of steel to aluminium 
An alternative methodology to produce sound dissimilar metal joints, instead of 
controlling the energy and the thermal cycle applied to the joint during the joining 
process, was to use a third material to create a bridge between the steel and the 
aluminium, the so called interlayer. Ideally, the interlayer should be compatible 
with both steel and aluminium in order to avoid the formation of IMCs. However, 
for this metallic combination there were only a few elements in this condition, for 
instance mercury, potassium, sodium or indium which were not suitable for 
welding or joining. The option was then to find one metal that was compatible 
either with Fe or Al. Copper was chosen because it does not form any IMC with 
Fe and even though it does with Al, Al also has partial solid solubility into Cu. 
Different forms of Cu interlayer (foils of 25 µm and 150 µm, copper bead 
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deposited onto the steel plate, copper welding wire positioned between the steel 
and aluminium plates or inserted in a groove 0.4 mm deep in the aluminium) were 
studied using similar laser welding setup. It was found that foils can prevent the 
diffusion of Fe into Al near the edges of the fusion zone. However, in all welding 
conditions the foils were totally melted at the centre of the joint which allowed 
diffusion of Fe and Al through the molten pool and therefore, Fe-Al IMCs were 
formed. The IMCs in these joints were more ductile than the Fe-Al IMCs 
previously studied (Fe-Al (Cu) IMCs with 759 HV and Al2Cu with 454 HV against 
1100 HV for Fe-Al IMCs). Binary and ternary Fe-Al-Cu IMCs were identified near 
the joint interface and for this reason the joints were weak. Possibly the heat of 
welding transmitted through the copper interlayer could not maintain the thermal 
gradient required to melt the aluminium without melting the copper interlayer. For 
this reason, the use of a copper interlayer in this joint configuration was found to 
be not effective in preventing the reaction between Fe and Al. 
 Study the feasibility of using an interlayer of copper to prevent the Al-
Fe reaction in arc welding of steel to aluminium – copper deposited onto 
aluminium 
Aiming to understand the IMC formation between Cu and Al a variant of Gas 
Metal Arc Welding was used, Cold Metal Transfer, also known as CMT. Bead on 
plate welds were produced with Cu deposited onto Al. Since copper has a higher 
melting temperature than aluminium, when copper is deposited onto aluminium 
there is higher dilution of the two metals into each other. The objective was to 
investigate the effect of the energy (varied by wire feed speed and welding mode) 
on the Al-Cu IMC formation. Two different types of IMCs were identified in 
samples welded with different levels of energy. When welding with higher level of 
energy, the entire area of the weld bead was composed by AlCu2. The weld bead 
showed large cracks due to the high brittleness of this IMC (up to 800 HV). 
However, when the energy was low, the weld bead was mainly composed of solid 
solution of Al into Cu and there was only a layer of Al2Cu precipitates spread in 
aluminium. In terms of mechanical strength, as mentioned before, the Al-Cu IMCs 
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are less harmful than Fe-Al IMCs because the hardness is lower and they are 
dispersed in the weld. 
 Study the feasibility of using an interlayer of copper to prevent the Al-
Fe reaction in arc welding of steel to aluminium – aluminium deposited 
onto copper 
The hypothesis in this study was that less IMCs would be formed when Al was 
deposited onto Cu than if the deposition was done with Cu onto Al. The objective 
was to investigate the effect of the energy (varied by wire feed speed and welding 
mode) and composition of the Al wire on the Al-Cu IMC formation. Aluminium 
wires containing 5% Si, 12% Si, Mg and Cu were used. It was found that the Al-
Cu IMC growth is enhanced by using aluminium wire with higher Si content and 
by welding with higher energy (higher wire feed speed). Even though the 
thickness of the Al-Cu IMC layer is much bigger than that of the Fe-Al IMC layer, 
the microhardness measurements showed that the maximum hardness on the 
Al-Cu samples was about 400 HV and it was located not only at the Al-Cu 
interface but also at the Cu-Fe interface. This value was well below 1100 HV 
characteristic from the Fe-Al joints. In terms of joint configuration, it is beneficial 
to use Cu onto Al instead of Al onto Cu. In both configurations the formation of 
Al-Cu IMCs was not avoided and by using copper filler wire it is possible to weld 
directly steel to aluminium in a T joint configuration, instead of creating two layers, 
first Cu and then Al. However, for this configuration the heat input of the process 
must be kept low to prevent cracking of the weld seam due to the formation of 
AlCu2. 
 Joint design and joining of T joints of steel and aluminium by laser 
welding 
At the final stage of the project the methodology investigated in a lap joint 
configuration was applied to T-joint configuration. In this stage an alternative joint 
design was proposed and tested according to the welding process in use. 
Successful T joints were produced with autogenous laser welding. Even though 
cracking was observed along the IMC layer when higher levels of energy were 
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used, the joints were still strong due to the mechanical lock effect caused by the 
small distortion resultant from the welding process. For lower levels of energy the 
IMC layer was less than 5 µm and showed similar characteristics to those 
observed in the lap-joint. 
The main conclusions of this work were: 
 Good control of the IMC layer thickness by autogenous laser welding (4 µm 
up to 29 µm); 
 Autogenous laser welding is not enough to prevent interfacial failure of joints 
with thick sections however the joints had a maximum load capacity of 31 kN 
and showed some plasticity; 
 The thermal cycle during welding is extremely important for the mechanical 
strength of the dissimilar metal joints, i.e. to maximise the bonding contact 
and minimise the formation of IMCs on the joint interface; 
 Care must be taken when using interlayers to prevent the reaction between 
Fe and Al. The success of the interlayer relies on the welding process in use 
and on the form of the interlayer. Copper interlayer between Fe and Al cannot 
be use in laser welding but may be used in CMT welding to joint Fe to Al as 
fillet welds; 
 Joint design is extremely important in dissimilar metal joining. The joint 
strength increases significantly if the stress is minimized on the IMC layer. 
The most relevant points of the thesis were: 
 Extension of the investigation of dissimilar metal joining of steel to aluminium 
using laser welding for thick materials and characterization of the IMC growth 
based on the fundamental laser material interaction parameters; 
 Development and optimization of the clamping system for laser welding of 
steel to aluminium in a lap-joint and T-joint configurations; 
 Development of the FE thermal model to predict the thermal field at the joint 
interface, where the reaction between Fe and Al takes place; 
 Investigation of the viability of using copper as transition metal between steel 
and aluminium in laser and CMT welding; 
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 Application of the knowledge acquired in laser welding of steel to aluminium 
in lap-joint configuration to the required T-joint configuration. 
 
 Recommendations for Future Work 
The following points were identified as relevant for future investigation within the 
scope of dissimilar metal joining of steel to aluminium.  
 Development of the thermal model for laser welding of steel to 
aluminium for different laser beam diameter 
In the present work it has been presented a FE thermal model that has been 
developed to predict the thermal cycle at the Fe-Al interface where the IMC layer 
is formed and grows. This model has been tested and used for a single laser 
beam diameter (13 mm). For a better understanding of the influence of the laser 
beam diameter on the thermal cycle and thus on the joint characteristics it would 
be interesting to have a thermal model built for a range of beam diameters. For 
the development of the new thermal models, it would be necessary to measure 
the thermal profile of a few lap joints during laser welding process with different 
beam diameters (according to the procedure presented in section 4.0). The 
acquired data would be used for the validation of the new thermal models.  
 Joint design 
Lack of wetting was one of the problems found in autogenous laser welding of 
steel to aluminium in a T-joint configuration, in which the aluminium plate was 
inserted inside a groove machined in the steel. Therefore, a further investigation 
on the joint design, focused on the geometry of the groove, should be carried out 
to address this issue. 
CMT welding process with either CuSi3 or aluminium welding wire to produce fillet 
welds could also be tested. 
In the future, autogenous laser welding, CMT welding or even both welding 
processes simultaneously could be investigated to improve the mechanical 
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strength of the Fe-Al T-joints. Figure 8-1 shows three examples of alternative joint 
designs for the T-joint made of steel and aluminium. Figure 8-1a combines both 
laser and CMT welding in which the first stage is to weld the edge of the flange 
to the web of the stiffener with the laser and the second stage is to do two fillet 
welds with copper welding wire using the CMT welding process to reinforce the 
joint. The second design proposed in Figure 8-1b requires autogenous laser to 
weld the sides of the stiffener using the same principle described in this 
manuscript (section 2.3.1). The alternative represented in Figure 8-1c suggests 
the use other welding wires which even though are not metallurgically compatible 
with both Fe and Al, they still have a minimum solubility in one of the elements. 
In this study either laser and cold wire or CMT welding processes may be used. 
 
Figure 8-1: Different joining configurations for the dissimilar metal tee joint. 
The design of the clamping system to be used in the first design proposed in 
Figure 8-1a is proposed in Figure 8-2. In this figure there is a 3D model of the 
clamping system in various stages of rotation. This system has been designed in 
such a way that it is possible to access both sides of the substrate to produce 
both laser and CMT welds.  
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Figure 8-2: 3D model of the future clamping system for the T joint configuration, 
on different stages of rotation (I to V). In stage (I) autogenous laser welding is 
used and in stage (V) CMT welding with copper welding wire is used. 
This device is versatile since it can be used either with the laser or other arc 
processes. Using this clamping system all the sides of the plates are accessible 
for the joining process. The top side has the steel plate (flange of the stiffener) 
which has underneath the aluminium (web of the stiffener). 
The mechanical strength of the T-joints should also be quantified to compare to 
that of the joints produced with the Triclad transition joint. 
There is still much work to do in this subject to improve the mechanical strength 
of the dissimilar metal joints of steel to aluminium. The joint configuration and the 
limitation of the reaction between the iron and the aluminium are the key points 
for the success of the hybrid joint. 
 Cryogenic cooling 
The results from the FEA for autogenous laser welding showed that to create 
maximise the bonding area on the Fe-Al joints, higher levels of power density 
have to be used. However, under such condition the thermal cycle enhances the 
growth of the IMC layer and therefore, the further improvement of the mechanical 
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strength of the joints by solely controlling the laser parameters is not possible. 
Cryogenic cooling could be the solution for this problem. By controlling the 
relative position of the cryogenic cooling in relation to the laser spot, the thermal 
field around the laser spot could be modify to remove the residual heat from the 
material just after the bonding of the Al to Fe is completed. The cryogenic cooling 
would restrict the growth of the IMC layer and would enable the use of higher 
levels of power density to form a larger bonding area and thus, improve the 
mechanical strength of the joints. 
 Application of autogenous laser welding with the same joining 
configuration to thinner sections of Fe and Al 
In this work it was found that the thickness of the material in use could be the 
cause of the interfacial failure of the joints. For this reason, the same experimental 
setup should be used to weld thin sheets (less than 2 mm) of Fe to Al and 
investigate whether the failure mode changes from interfacial failure to failure on 
the base metal. 
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Appendix A 
In this section there is information about the Fe-Al intermetallic compounds. It also has 
a description of the phases that can be formed when using copper as interlayer to 
prevent the diffusion of Fe and Al. 
Fe-Al intermetallic compounds 
Table A-1: Crystal structure of the Fe-Al IMCs formed at room temperature (Metals 
Handbook, vol. 63, 1992)(Shahverdi et al., 2002). 
 
Table A-2: Thermodynamic constants for the Fe-Al IMCs formed (Richards et al., 
1994). 
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Appendix B 
This section shows both the laser system parameters and the fundamental laser 
material interaction parameters used in section 4.0. 
Table B-1: Laser system and fundamental laser material interaction parameters used 
in section 4.0. 
Beam 
diameter, mm 
Power, kW 
Travel speed, 
m.min-1 
Power 
density, 
MW.m-2 
Interaction 
time, s 
Specific point 
energy, kJ 
13.0 5.0 0.35 37.7 2.2 11.1 
13.0 5.0 0.30 37.7 2.6 13.0 
13.0 5.0 0.37 37.7 2.1 10.5 
13.0 5.0 0.40 37.7 2.0 9.8 
13.0 5.0 0.33 37.7 2.4 11.8 
13.0 5.5 0.33 41.4 2.4 13.0 
13.0 4.7 0.33 35.5 2.4 11.1 
13.0 4.5 0.33 33.6 2.4 10.5 
13.0 5.0 0.33 37.7 2.4 11.8 
13.0 4.6 0.32 34.4 2.4 11.1 
13.0 5.6 0.39 42.0 2.0 11.1 
13.0 4.7 0.33 35.5 2.4 11.1 
13.0 5.0 0.35 37.7 2.2 11.1 
11.1 5.0 0.30 51.3 2.2 11.1 
11.1 3.7 0.30 37.7 2.2 8.2 
11.1 4.8 0.39 48.9 1.7 8.2 
11.1 4.8 0.39 48.9 1.7 8.2 
9.3 5.0 0.25 73.9 2.2 11.1 
9.3 2.6 0.25 37.7 2.2 5.7 
9.3 4.4 0.43 64.8 1.3 5.7 
14.9 5.0 0.40 28.9 2.2 11.1 
14.9 6.5 0.40 37.6 2.2 14.5 
14.9 5.1 0.31 29.2 2.9 14.5 
10.6 3.3 0.19 37.7 3.3 11.1 
11.9 4.2 0.27 37.7 2.6 11.2 
13.9 5.7 0.43 37.7 1.9 11.1 
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Appendix C 
In this section there is a comparison of heat input calculated for the different welding 
modes, wire feed speed and welding wires.  
Effect of the wire feed speed on the heat input of the welding process 
 It is clearly seen that the composition of the welding wires affect the energy of the 
process; 
 The welding process energy increases when the wire feed speed increases. This 
is true for all welding modes even though the difference of energy between the 
maximum and minimum wire feed speed changes with the welding mode. 
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Effect of the welding mode on the heat input of the welding process 
The heat input of the process changes with the welding mode. The most energetic 
welding mode is the CMT pulsed, followed by the CMT standard and both CMT 
advanced modes.   
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Appendix D 
This section contains the raw and simplified data from the SEM/EDS spectrums that 
were analysed in sections 6.3 and 6.4. 
Raw data from SEM/EDS spectrum analysis 
Table D-1: SEM-EDS spectrum results in weight % of the samples with copper wire 
deposited onto aluminium. Welding parameters: C878 CMT mode, TS = 0.5 m.min-1, 
100% Argon shielding gas and WFS = 8.0 m.min-1 (section 6.3). 
Spectrum 
label 
Mg Al Si Mn Cu Total 
Spectrum 1 - 37.58 - 1.97 60.45 100 
Spectrum 2 - 37.57 - 1.47 60.96 100 
Spectrum 3 - 92.15 - 0.48 7.37 100 
Spectrum 4 0.60 64.75 - - 34.65 100 
Spectrum 5 0.99 90.70 - 0.56 7.75 100 
Spectrum 6 5.50 61.14 2.73 1.41 29.22 100 
Spectrum 7 1.41 88.76 - 0.68 9.14 100 
Spectrum 8 0.87 46.62 - 0.67 51.84 100 
Spectrum 9 9.49 58.63 - - 31.88 100 
 
Table D-2: SEM-EDS spectrum results in weight % of the samples with copper wire 
deposited onto aluminium. Welding parameters: C1182 CMT Advanced mode, TS = 0.5 
m.min-1, 100% Argon shielding gas and WFS = 8.5 m.min-1. (section 6.3). 
Spectrum 
label 
Mg Al Si Mn Cu Total 
Spectrum 1 - 45.63 - - 54.37 100 
Spectrum 2 - 44.90 - - 55.10 100 
Spectrum 3 2.85 58.10 1.77 0.97 36.31 100 
Spectrum 4 3.99 57.68 2.37 1.12 34.84 100 
Spectrum 5 - 44.80 - - 55.20 100 
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Table D-3: SEM-EDS spectrum results in weight % of the samples with copper wire 
deposited onto aluminium. Welding parameters: C878 CMT mode, TS = 0.5 m.min-1, 
100% Argon shielding gas and WFS = 8.5 m.min-1. (section 6.3). 
Spectrum 
label 
Mg Al Si Mn Cu Total 
Spectrum 1 1.75 73.07 0.78 0.93 23.48 100 
Spectrum 2 1.91 57.28 0.80 - 40.01 100 
Spectrum 3 - 39.96 1.12 1.42 57.51 100 
Spectrum 4 0.74 41.90 2.06 1.02 54.28 100 
Spectrum 5 - 38.65 - 1.66 59.69 100 
Spectrum 6 3.72 95.73 - 0.56 - 100 
Table D-4: Results from the SEM-EDS spectrum analysis in at. %. CMT welding mode - 
C0876, WFS = 5.0 m.min-1, TS=0.5 m.min-1, AA4047 welding wire (D5) (section 6.4). 
Spectrum 
label 
Al Si Mn Fe Cu Mg Total 
Spectrum 1 45.83 5.5 0.63 1.8 46.24 - 100 
Spectrum 2 44.85 5.19 0.39 1.81 47.76 - 100 
Spectrum 3 44.96 5.5 0.73 1.62 47.19 - 100 
Spectrum 4 40.71 12.83 1.46 22.02 22.98 - 100 
Spectrum 5 42.63 10.98 0.6 19.17 26.62 - 100 
Spectrum 6 40.29 12.36 1.17 19.4 26.78 - 100 
Spectrum 7 66.19 5.97 0.26 1.36 26.22 - 100 
Spectrum 8 65.99 5.92 0.34 1.38 26.38 - 100 
Spectrum 9 65.67 5.41 0.3 1.17 27.46 - 100 
Spectrum 10 79.79 11.29 0.17 0.44 8.31 - 100 
Spectrum 11 80.18 11.63 0.18 0.41 7.59 - 100 
Spectrum 12 82.31 9.13 - 0.41 8.15 - 100 
Spectrum 13 74.68 9.37 0.25 0.81 14.88 - 100 
Spectrum 14 74.79 10.03 0.28 0.83 14.06 - 100 
Spectrum 15 75.48 9.81 0.2 0.7 13.8 - 100 
Spectrum 16 62.1 5.98 0.7 2.3 28.93 - 100 
Spectrum 17 62.62 5.22 0.41 1.39 30.35 - 100 
Spectrum 18 60.88 6.43 0.39 1.65 30.65 - 100 
Spectrum 19 41.64 43.34 - 0.83 14.19 - 100 
Spectrum 20 40.25 46.29 - 0.68 12.78 - 100 
Spectrum 21 32.13 58.11 0.16 0.61 8.99 - 100 
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Table D-5: Results from the SEM-EDS spectrum analysis in at. %. CMT welding mode - 
C0876, WFS = 5.0 m.min-1, TS=0.5 m.min-1, AA4043 welding wire (D12) (section 6.4). 
Spectrum 
label 
Al Si Mn Fe Cu Mg Total 
Spectrum 1 47.02 3.37 0.61 1.39 47.61 - 100 
Spectrum 2 46.56 3.46 0.56 1.38 48.04 - 100 
Spectrum 3 46.14 4.37 0.72 1.23 47.54 - 100 
Spectrum 4 68.33 2.95 0.52 1.23 26.96 - 100 
Spectrum 5 67.89 2.7 0.45 1.13 27.83 - 100 
Spectrum 6 66.52 3.01 0.61 1.43 28.43 - 100 
Spectrum 7 71.19 2.48 0.28 0.79 25.26 - 100 
Spectrum 8 70.68 2.63 0.25 0.78 25.66 - 100 
Spectrum 9 70.84 2.4 0.27 0.64 25.85 - 100 
Spectrum 10 90.09 2.23 - 0.24 7.44 - 100 
Spectrum 11 90.79 2.33 - 0.37 6.52 - 100 
Spectrum 12 90.93 2.34 - 0.28 6.46 - 100 
Spectrum 13 80.35 7.68 - 0.52 11.45 - 100 
Spectrum 14 79.08 7.75 0.28 0.54 12.34 - 100 
Spectrum 15 76.28 10.11 0.23 0.53 12.85 - 100 
Spectrum 16 89.54 2.47 - 0.33 7.66 - 100 
Spectrum 17 90.89 2.25 - 0.34 6.52 - 100 
Spectrum 18 42.04 11.32 1.61 16.19 28.84 - 100 
Spectrum 19 40.46 12.08 1.35 22.07 24.05 - 100 
Spectrum 20 40.93 11.92 1.32 19.73 26.1 - 100 
Spectrum 21 41.27 12.22 1.68 23.42 21.41 - 100 
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Table D-6: Results from the SEM-EDS spectrum analysis in at. %. CMT welding mode - 
C0876, WFS = 5.0 m.min-1, TS=0.5 m.min-1, AA2319 welding wire (D23) (section 6.4). 
Spectrum 
label 
Al Si Mn Fe Cu Mg Total 
Spectrum 1 44.4 2.5 0.5 1.6 51.1 - 100 
Spectrum 2 44.1 2.7 0.6 1.8 50.7 - 100 
Spectrum 3 44.8 3 0.7 1.5 49.9 - 100 
Spectrum 4 68.3 1.1 0.3 0.9 29.3 - 100 
Spectrum 5 69.9 1 0.4 0.8 28.1 - 100 
Spectrum 6 69.8 1.1 0.2 0.9 28 - 100 
Spectrum 7 54.3 8.3 0.9 16.7 19.8 - 100 
Spectrum 8 78.8 1.2 0.4 0.7 19 - 100 
Spectrum 9 79.1 0.9 0.3 0.7 19 - 100 
Spectrum 10 78.3 1.1 0.3 0.7 19.6 - 100 
Spectrum 11 86.2 - 0.2 0.5 13.1 - 100 
Spectrum 12 88.1 - 0.2 0.4 11.3 - 100 
Spectrum 13 89 - 0.2 0.5 10.3 - 100 
Spectrum 14 36.7 11.1 1.3 22.5 28.4 - 100 
Spectrum 15 39.1 11.9 1.7 24.1 23.2 - 100 
Spectrum 16 91.9 - 0.2 0.4 7.5 - 100 
Spectrum 17 89.1 - - 0.4 10.5 - 100 
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Table D-7: Results from the SEM-EDS spectrum analysis in at. %. CMT welding mode - 
C0876, WFS = 5.0 m.min-1, TS=0.5 m.min-1, AA5087 welding wire (D34) (section 6.4). 
Spectrum 
label 
Al Si Mn Fe Cu Mg Total 
Spectrum 1 45.95 3.84 0.91 1.25 44.84 3.22 100 
Spectrum 2 49.47 2.46 0.6 1.34 42.7 3.44 100 
Spectrum 3 49.05 2.54 0.67 1.37 43 3.37 100 
Spectrum 4 70.04 0.98 0.25 0.72 25.17 2.84 100 
Spectrum 5 68.52 1.28 0.38 0.74 25.88 3.2 100 
Spectrum 6 69.61 0.97 0.34 0.79 25.19 3.1 100 
Spectrum 7 87.32 - 0.45 0.4 8.01 3.83 100 
Spectrum 8 88.02 - 0.35 0.39 7.7 3.53 100 
Spectrum 9 87.55 - 0.41 0.4 8.06 3.57 100 
Spectrum 10 43.66 9.61 1.26 16.91 25.88 2.68 100 
Spectrum 11 44.29 7.99 1.23 8.48 35.08 2.92 100 
Spectrum 12 45.07 8.79 1.04 18.26 23.76 3.08 100 
Spectrum 13 66.57 1.51 0.6 1.34 27 2.99 100 
Spectrum 14 66.29 1.53 0.62 1.09 27.56 2.9 100 
Spectrum 15 66.65 1.61 0.64 1.26 26.78 3.06 100 
Spectrum 16 88.78 - 0.38 0.28 6.13 4.42 100 
Spectrum 17 89.09 - 0.41 0.36 6.1 4.04 100 
Spectrum 18 88.6 - 0.37 0.37 6.48 4.18 100 
Spectrum 19 88.89 - 0.42 0.35 5.84 4.5 100 
Spectrum 20 50.92 6.29 0.77 1.44 37.65 2.94 100 
Spectrum 21 50.1 6.69 0.77 1.11 37.81 3.52 100 
Spectrum 22 50.02 8.97 1.14 17.16 19.66 3.06 100 
Spectrum 23 51.04 6.6 0.7 1.43 37 3.24 100 
Spectrum 24 81.39 2.17 0.49 0.42 10.65 4.88 100 
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Simplified data from SEM/EDS spectrum analysis 
The simplified data excludes the elements which composition is less than 8 at.%. 
Table D-8: Simplified list of results from the SEM-EDS spectrum analysis in at. %. CMT 
welding mode - C0876, WFS = 5.0 m.min-1, TS=0.5 m.min-1, AA4047 welding wire (D5) 
(section 6.4). 
Spectrum 
label 
Al Si Mn Fe Cu Mg Total 
Spectrum 1 50  -  50 - 100 
Spectrum 2 48  -  52 - 100 
Spectrum 3 49  -  51 - 100 
Spectrum 4 41 13 - 22 23 - 100 
Spectrum 5 43 11 - 19 27 - 100 
Spectrum 6 41 13 - 20 27 - 100 
Spectrum 7 72  -  28 - 100 
Spectrum 8 71  -  29 - 100 
Spectrum 9 71  -  30 - 100 
Spectrum 10 80 11 -  8 - 100 
Spectrum 11 81 12 -  8 - 100 
Spectrum 12 83 9 -  8 - 100 
Spectrum 13 76 10 -  15 - 100 
Spectrum 14 76 10 -  14 - 100 
Spectrum 15 76 10 -  14 - 100 
Spectrum 16 68  -  32 - 100 
Spectrum 17 67  -  33 - 100 
Spectrum 18 67  -  34 - 100 
Spectrum 19 42 44 -  14 - 100 
Spectrum 20 41 47 -  13 - 100 
Spectrum 21 32 59 -  9 - 100 
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Table D-9: Simplified list of results from the SEM-EDS spectrum analysis in at. %. CMT 
welding mode - C0876, WFS = 5.0 m.min-1, TS=0.5 m.min-1, AA4043 welding wire (D12) 
(section 6.4). 
Spectrum 
label 
Al Si Mn Fe Cu Mg Total 
Spectrum 1 50  -  50 - 100 
Spectrum 2 49  -  51 - 100 
Spectrum 3 49  -  51 - 100 
Spectrum 4 72  -  28 - 100 
Spectrum 5 71  -  29 - 100 
Spectrum 6 70  -  30 - 100 
Spectrum 7 74  -  26 - 100 
Spectrum 8 73  -  27 - 100 
Spectrum 9 73  -  27 - 100 
Spectrum 10 92  -  8 - 100 
Spectrum 11 93  -  7 - 100 
Spectrum 12 93  -  7 - 100 
Spectrum 13 88  -  12 - 100 
Spectrum 14 87  -  13 - 100 
Spectrum 15 86  -  14 - 100 
Spectrum 16 92  -  8 - 100 
Spectrum 17 93  -  7 - 100 
Spectrum 18 43 12 - 16 29 - 100 
Spectrum 19 41 12 - 22 24 - 100 
Spectrum 20 41 12 - 20 26 - 100 
Spectrum 21 42 12 - 24 22 - 100 
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Table D-10: Simplified list of results from the SEM-EDS spectrum analysis in at. %. 
CMT welding mode - C0876, WFS = 5.0 m.min-1, TS=0.5 m.min-1, AA2319 welding wire 
(D23) (section 6.4). 
Spectrum 
label 
Al Si Mn Fe Cu Mg Total 
Spectrum 1 47  -  54 - 100 
Spectrum 2 47  -  54 - 100 
Spectrum 3 47  -  53 - 100 
Spectrum 4 70  -  30 - 100 
Spectrum 5 71  -  29 - 100 
Spectrum 6 71  -  29 - 100 
Spectrum 7 55 8 - 17 20 - 100 
Spectrum 8 81  -  19 - 100 
Spectrum 9 81  -  19 - 100 
Spectrum 10 80  -  20 - 100 
Spectrum 11 87  -  13 - 100 
Spectrum 12 89  -  11 - 100 
Spectrum 13 90  -  10 - 100 
Spectrum 14 37 11 - 23 29 - 100 
Spectrum 15 40 12 - 25 24 - 100 
Spectrum 16 93  -  8 - 100 
Spectrum 17 90  -  11 - 100 
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Table D-11: Simplified list of results from the SEM-EDS spectrum analysis in at. %. 
CMT welding mode - C0876, WFS = 5.0 m.min-1, TS=0.5 m.min-1, AA5087 welding wire 
(D34) (section 6.4). 
Spectrum 
label 
Al Si Mn Fe Cu Mg Total 
Spectrum 1 51    49  100 
Spectrum 2 54    46  100 
Spectrum 3 53    47  100 
Spectrum 4 74    26  100 
Spectrum 5 73    27  100 
Spectrum 6 73    27  100 
Spectrum 7 92    8  100 
Spectrum 8 92    8  100 
Spectrum 9 92    8  100 
Spectrum 10 46 10  18 27  100 
Spectrum 11 46 8  9 37  100 
Spectrum 12 47 9  19 25  100 
Spectrum 13 71    29  100 
Spectrum 14 71    29  100 
Spectrum 15 71    29  100 
Spectrum 16 94    7  100 
Spectrum 17 94    6  100 
Spectrum 18 93    7  100 
Spectrum 19 94    6  100 
Spectrum 20 54 7   40  100 
Spectrum 21 53 7   40  100 
Spectrum 22 52 9  18 21  100 
Spectrum 23 54 7   39  100 
Spectrum 24 88    12  100 
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Appendix E 
This section shows the EDS mapping of the specimens welded with AlCu, AlSi5, 
AlSi12 and AlMg welding wires and two different CMT welding modes, i.e. standard 
CMT and advanced CMT. 
EDS mapping of the specimens welded with standard CMT (C0876) 
Table E-1: SEM/EDS macro mapping of the samples produced with different welding 
wires and similar brazing conditions (C0876, WFS = 5.0 m.min-1, TS = 0.5 m.min-1). 
Welding wire 
AA2319 (AlCu) AA4043 (AlSi5) AA4047 (AlSi12) AA5087 (AlMg) 
HI (η=0.85), J.mm-1 
172.8 174.3 170.4 144.2 
Macro 
    
Mix 
    
Al 
    
Cu 
    
Fe 
2.5 mm 
2.5 mm 
2.5 mm 2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
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Welding wire 
AA2319 (AlCu) AA4043 (AlSi5) AA4047 (AlSi12) AA5087 (AlMg) 
HI (η=0.85), J.mm-1 
172.8 174.3 170.4 144.2 
    
Si 
    
Mn 
    
Mg 
- - - 
 
 
 
 
 
 
2.5 mm 
2.5 mm 
2.5 mm 2.5 mm 
2.5 mm 
2.5 mm 2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
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EDS mapping of the specimens welded with standard CMT (C0876) 
Table E-2: SEM/EDS macro mapping of the samples produced with different welding 
wires and similar brazing conditions (C1368 Adv, WFS = 5.0 m.min-1, TS = 0.5 m.min-1). 
Welding wire 
AA2319 (AlCu) AA4043 (AlSi5) AA4047 (AlSi12) AA5087 (AlMg) 
HI (η=0.85), J.mm-1 
120.1 117.5 118.2 108.0 
Macro 
   
 
Mix 
    
Al 
    
Cu 
    
Fe 
    
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
 
 
225 
 
Welding wire 
AA2319 (AlCu) AA4043 (AlSi5) AA4047 (AlSi12) AA5087 (AlMg) 
HI (η=0.85), J.mm-1 
120.1 117.5 118.2 108.0 
Macro 
Si 
    
Mn 
    
Mg 
- - - 
 
 
 
 
 
 
 
 
 
2.5 mm 
2.5 mm 2.5 mm 
2.5 mm 2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
2.5 mm 
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